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Abstract
Genetically modified pigs play an important role in agriculture and biomedical research; hence, new efficient methods are 
needed to obtain genetically engineered cells and animals. The clustered regularly interspaced short palindromic repeats 
(CRISPR)/Cas (CRISPR-associated) system represents an effective genome editing tool. It consists of two key molecules: 
single guide RNA (sgRNA) and the Cas9 endonuclease that can be introduced into the cells as one plasmid. Typical delivery 
methods for CRISPR/Cas9 components are limited by low transfection efficiency or toxic effects on cells. Here, we describe 
the use of magnetic nanoparticles and gradient magnetic field to improve delivery of CRISPR/Cas9 constructs into porcine 
fetal fibroblasts. Polyethylenimine-coated nanoparticles with magnetic iron oxide core were used to form magnetic plasmid 
DNA lipoplexes. CRISPR/Cas9 construct was prepared to induce site-specific cutting at the porcine H11 locus. Quantita-
tive assessment of genomic cleavage by sequence trace decomposition demonstrated that the magnetofection efficiency was 
more than 3.5 times higher compared to the classic lipofection method. The Tracking of Indels by Decomposition web tool 
precisely determined the spectrum of indels that occurred. Simultaneously, no additional cytotoxicity associated with the 
utilization of magnetic nanoparticles was observed. Our results indicate that magnetofection enables effective delivery of 
the CRISPR/Cas9 construct into porcine fetal fibroblasts with low cell toxicity.
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Introduction

Since exploiting the clustered regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associated protein 9 
(Cas9) systems for DNA editing in 2012 [1], CRISPR/Cas9 
technology has become one of the major genomic engineer-
ing tools and has been tested in a wide range of cell lines and 
organisms. Due to its high efficiency, versatility and simplic-
ity, the CRISPR/Cas9 system has been recognized as the 
most promising strategy for many biomedical applications, 

such as gene therapy, xenotransplantation and using animals 
as models for studying human diseases [2]. One of the condi-
tions for successful cell modification is the use of an efficient 
delivery method for single-guide RNA (sgRNA) and the 
enzyme Cas9. Generally, components of the CRISPR/Cas9 
system can be introduced into cells as DNA (in the form of 
a plasmid) or mRNA. The plasmid DNA format is a popular 
and attractive delivery approach due to its stability, sim-
plicity and low cost of conducting experiments. However, 
compared to the mRNA form, the use of plasmid decreases 
the genome editing efficiency [3]. One of the most popular 
techniques for CIRPSR/Cas9-mediated genome editing is 
the utilization of viral vectors. Despite their high transduc-
tion efficiency, viruses have some disadvantages, such as the 
risk of cytotoxicity and immunogenicity, expensive large-
scale production and limited insertion size, as well as the 
risk of integrating viral sequences into the target genome 
[4]. Therefore, non-viral delivery systems for CRISPR/
Cas9 are a promising alternative. Typical non-viral trans-
fection approaches for in vitro conditions include physical 
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(electroporation or nucleofection) and chemical delivery 
methods (lipofection or polyfection). Electroporation and 
nucleofection disrupt cellular barriers by a strong electric 
field. The increased permeability of the cell membrane by 
electrical impulses enables high transfection efficiency in 
various cell types, but may have a negative impact on cell 
viability [5, 6]. Chemical delivery techniques utilize cationic 
lipids or cationic polymers as enhancers to induce membrane 
poration or endocytosis, as well as to protect DNA/RNA 
from degradation. Although lipofection and polyfection have 
the advantages of ease of use, low cost and greater safety 
compared with viral delivery methods, they are also limited 
by unsatisfactory transfection efficiency [4, 7]. Currently, 
non-viral delivery routes for the CRISPR/Cas9 components 
via the use of nanoparticles (NPs) have the potential to over-
come these limitations. The advantages of nanoparticles are 
their nanoscale size, high surface area, stability and biocom-
patibility. In recent years, various non-viral nanoparticles, 
such as cell-penetrating peptide, cationic arginine gold nano-
particles and graphene oxide–polyethylene glycol–polyeth-
ylenimine (PEI) have been successfully used for delivering 
CRISPR/Cas9 components into different cell types [8–10].

In this study, we decided to test the potential of magnetic 
nanoparticles (MNPs) to improve the delivery of CRISPR/
Cas9 plasmid into porcine fetal fibroblasts (PFFs). This 
method, called magnetofection, is based on the delivery of 
nucleic acid vectors associated with MNPs under the influ-
ence of an external magnetic field into the cells. Magneto-
fection uses a magnetic force to sediment and concentrate 
the vectors onto the surface of the cells to be transfected 
[11, 12]. We also showed that using MNPs to deliver a gene 
construct into porcine fibroblast cells greatly improves trans-
fection efficacy [13]. Genetically modified pigs are widely 
used in biomedicine as animal models of various human 
diseases as well as for xenotransplantation purpose, due 
to their similarity to human physiology and anatomy [14, 
15]. The applications of the CRISPR/Cas9 system for gen-
erating site-specific gene knockout/knockin in a pig model 
may significantly accelerate the advance of biomedical sci-
ence. Therefore, new, efficient and safe delivery methods 
for CRISPR/Cas9 components are needed. In this study, we 
used magnetofection technology to deliver CRISPR/Cas9 
constructs containing a sequence encoding a Cas9 protein 
and sgRNA for generating site-specific cutting at the H11 
locus into PFFs. This porcine “safe harbor” genomic locus, 
named pH11, is transcriptionally active and enables genetic 
modifications without disrupting internal gene function [16]. 
To form magnetic plasmid DNA lipoplexes, iron oxide nano-
particles with magnetic core and polyethylenimine coating 
(PEI–Mag2 NPs) were used. The transfected cells were 
subjected to further genomic cleavage detection assays. 
To evaluate the efficiency of the magnetofection, PCR and 
sequencing analysis were performed. Moreover, to estimate 

the cytotoxicity of the PEI–Mag2 MNPs on PFFs, sensitive 
colorimetric assays were used.

Materials and Methods

CRISPR/Cas9 Plasmid Preparation

The sgRNA targeting the pH11 locus was designed using 
online CRISPR design tools—http://crisp r.mit.edu/. Two 
complementary oligonucleotides carrying a sequence to the 
target site and BbsI-compatible overhangs were annealed and 
inserted into BbsI sites of a pSpCas9(BB)-2A-Puro (PX459) 
V2.0 vector using the protocol described by Ran et al. [17]. 
The overall strategy is shown in Fig. 1. The PX459 vector 
containing both sgRNA and the Cas9 sequences was a gift 
from Feng Zhang (Addgene plasmid #62988). The correct-
ness of cloned oligonucleotides was confirmed by means 
of sequencing using automated genetic analyzers (Applied 
Biosystems Prism). The prepared CRISPR/Cas9 construct 
was purified by the Endo Free Plasmid Purification Maxi 
Kit (Qiagen).

Cell Culture

PFFs isolated from conceptuses were cultured in Dulbecco’s 
modified Eagle medium (DMEM, Sigma-Aldrich) supple-
mented with 10% fetal bovine serum (FBS, Sigma-Aldrich), 
1% antibiotic/antimycotic solution (Sigma-Aldrich) and cul-
tivated in culture flasks at 37 °C in a humidified atmosphere 
containing 5%  CO2. The medium was replaced every 3–4 
days. Cell growth and morphology were assessed using a 
Zeiss Axiovert 200 inverted microscope. Cultures of 80% 
confluence were split 1:2 and seeded in a fresh medium into 
new culture flasks. The cell lines used in transfection did not 
exceed five passages.

Magnetic Nanoparticles

PEI–Mag2 core/shell-type nanoparticles with a magnetic 
iron oxide core and PEI coating were kindly donated by Dr. 
Olga Mykhaylyk (ethris GmbH). Briefly, PEI–Mag2 MNPs 
were synthesized by precipitation of Fe(II)/Fe(III) hydroxide 
from an aqueous salt solution, followed by transformation 
into magnetite in an oxygen-free atmosphere, with immedi-
ate spontaneous adsorption of the 25 kDa branched polyeth-
ylenimine (PEI–25Br) (Sigma-Aldrich) combined with the 
fluorinated surfactant ZONYL FSA (lithium 3-[2(perfluoro-
alkyl)ethylthio]propionate) (Sigma-Aldrich), as described 
elsewhere [18].

http://crispr.mit.edu/
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Preparation of the Transfection Complexes

Magnetic complexes were prepared by mixing PEI–Mag2 
MNPs with transfection reagent DreamFect Gold (DF-Gold, 
OZ Biosciences) and CRISPR/Cas9 plasmid in serum- and 
supplement-free DMEM at a transfection reagent-to-plasmid 
DNA ratio of 4:1 (v/w) and an iron-to-plasmid DNA ratio of 
2:1 (w/w). In order to assemble the components, the mixture 
was incubated for 20 min at room temperature. Lipoplexes 
used as a reference were prepared using the same method 
with water instead of a magnetic nanoparticle suspension.

Cell Transfection Using Magnetofection

One day prior to transfection, PFFs were plated onto six-
well plates at a seeding density of 7.5 × 104 cell/well in 4 ml 
of growth medium, providing a confluence of 50% on the 
day of transfection. One hundred microliters of the freshly 
prepared magnetic complexes was added to each well, result-
ing in a CRISPR/Cas9 construct dose of 10 or 20 pg DNA/
cell. The plate was positioned on the Mega Magnetic Plate 
(OZ Biosciences) and incubated at 37 °C for 20 min. At this 
time, the magnetic complexes were sedimented onto the cell 
surface. Next, the Mega Magnetic Plate was removed and 
the cell culture plate was incubated for 24 h. As a reference, 

lipofection of the PFFs was performed in parallel. The 
experiment was carried out in triplicate.

At 24 h post-transfection, the cell morphology was evalu-
ated and then the culture medium was replaced with 4 ml of 
fresh medium with puromycin selection factor (0.5 µg/ml) 
(InvivoGen), and a 2-day selection was performed. Subse-
quently, the vitality of the cells was evaluated. Moreover, 
selected PFFs were cultivated with a complete medium with-
out antibiotics until they reached full confluence, in order to 
perform their molecular analysis.

Genomic Cleavage Assay

The detection of locus specific cleavage of genomic DNA 
was performed by a GeneArt Genomic Cleavage Detec-
tion Kit as described in the manual. After transfection and 
selection, PFFs were harvested and washed with phosphate 
buffered saline (PBS, Sigma-Aldrich). Cells were lysed with 
50 µl Cell Lysis Buffer and 2 µl Protein Degrader at 68 °C 
for 15 min; then, the mixture was held at 95 °C for 10 min. 
PCR was performed in 50 µl reactions containing 2 µl of cell 
lysate, 25 µl AmpliTaq Gold 360 Master Mix and 10 µM 
forward and reverse primers. For flanking the target site, 
a forward primer: 5′-TTC AAC ATG AAA GGG AAG GAG 
GTA -3′ and a reverse primer: 5′-CCT CAA TTC ACC CAG 

Fig. 1  Design and preparation of the CRISPR/Cas9 plasmid. a 
H11 locus and target site for sgRNA (target site in red and Proto-
spacer Adjacent Motif in green font). b Oligonucleotides designed 

for sgRNA targeting the pH11 locus with BbsI-compatible to vector 
overhangs (blue font). c Cas9 from S. pyogenes with 2A-Puro, and 
cloning backbone for sgRNA. (Color figure online)
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TCT CTT GAT -3′ were used. The PCR was conducted in the 
following conditions: 95 °C, 10 min for one cycle; 95 °C, 
30 s; 55 °C, 30 s; 72 °C, 30 s for a total of 40 cycles; 72 °C, 
7 min for one cycle. The PCR product of 505 bp (3 µl) was 
mixed with 1 µl 10× Detection Reaction Buffer and 5 µl 
water and then was melted at 95 °C for 5 min and cooled at 
in the following conditions: 95–85 °C (0, 2 °C/s), 85–25 °C 
(0, 1 °C/s), 4 °C for 5 min in order to form heteroduplexes. 
Subsequently, the heteroduplex DNA was treated with and 
without 1 µl of the Detection Enzyme at 37 °C for 1 h and 
resolved on a 2% TBE–agarose gel.

Quantitative Assessment of Genome Editing 
by Sequence Trace Decomposition

The CRISPR/Cas9 genome editing efficacy was quantified 
by indel (insertions and deletions) frequencies. The PCR 
product obtained under the conditions described above was 
purified using the StrataPrep PCR Purification Kits (Qiagen) 
and sequenced using automated genetic analyzers (Applied 
Biosystems Prism). The sequencing data were analyzed by 
Tracking of Indels by Decomposition (TIDE) web tool (https 
://tide.deskg en.com/), initially described by Brinkman and 
colleagues [19]. A reference sequence (non-edited chroma-
tograms) was used as a control. Frequencies of indels in cells 
were determined by the occurrence of significant insertions 
and deletions in the target site.

Cytotoxicity Test

To assess the cytotoxicity of the magnetic transfection 
complexes on PFFs, a Cell Counting Kit-8 (CCK-8, Sigma 
Aldrich) was used. CCK-8 is a sensitive colorimetric 
assay allowing the determination of the number of viable 
cells. CCK-8 uses water-soluble tetrazolium salt WST-8 
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt), which 
is reduced by dehydrogenases in cells to a formazan dye 
soluble in the culture medium. The amount of the yellow 
colored product is directly proportional to the number of 
living cells. One day prior to transfection, 150 µl of the PFF 
cells was seeded at a density of 3 × 103 cells/well in 96-well 
plate and cultured in a complete medium. On the day of 
transfection, 50 µl of the complexes prepared at a transfec-
tion reagent-to-plasmid DNA ratio of 4:1 (v/w) and an iron-
to-plasmid DNA ratio of 2:1 (w/w) was added to the cells 
and the plate was incubated on the Mega Magnetic Plate 
for 20 min. After 24 h of incubation with the complexes in 
a total volume of 200 µl, 20 µl of the CCK-8 reagent was 
added to each well; then, the cells were incubated for 1 h at 
37 °C. The spectrophotometric absorbance of each sample 
was measured by use a microplate reader at 450 nm. The 
untransfected cells and the cells after lipofection were used 

as a reference. These experiments were carried out six times, 
and the results were averaged. The viability of PFFs in each 
test group was calculated.

Statistical Analysis

The results were tested for normal distribution (Shapiro 
test) and homogeneity of variance (Bartlett test). For com-
parison between mean values, the ANOVA test was used, 
with Tukey’s HSD test for post hoc analysis for data with 
homogeneity of variance. For data without homogeneity of 
variance, the Kruskal–Wallis rank sum test and Wilcoxon 
rank sum test were used. Values of p < 0.05 were considered 
as significant. All statistical analyses were performed using 
R version 3.4.1.

Results

To test the potential of magnetofection to improve deliv-
ery of CRISPR/Cas9 plasmid into PFFs, we compared this 
method to classic lipofection using DreamFect Gold trans-
fection reagent. The plasmid for sgRNA and Cas9 expres-
sion inducing DNA cleavage at porcine H11 locus was used 
for transfection. We tested two plasmid concentrations: 
10 pg DNA/cell and 20 pg DNA/cell. After the selection 
process, PFF cells were harvested and transfection efficiency 
was evaluated. Targeted double-strand DNA cutting by Cas9 
nuclease was tested by a GeneArt Genomic Cleavage Detec-
tion Kit. This simple and rapid method uses genomic DNA 
extracted from cells transfected with CRISPR/Cas9 con-
structs. Following cleavage, genomic indels are generated 
by the cellular repair mechanisms. The locus being investi-
gated was amplified by PCR, then denatured and reannealed 
so that mismatches were created. These mismatches were 
detected and digested by a Detection Enzyme. The bands 
obtained were analyzed by gel electrophoresis. The sam-
ples treated with Detection Enzyme consisted of the total 
DNA divided into three bands: two cleaved bands and paren-
tal band. As shown in Fig. 2, an advantage was revealed 
in transfection efficiency (as determined by cleaved bands 
intensities) arising from the use of magnetofection compared 
to lipofection in porcine fetal fibroblast cells. Furthermore, 
heteroduplex bands were only detected in the PCR products 
from CRISPR-edited cells, but not from wild-type genomes.

A more detailed analysis of CRISPR/Cas9 genome edit-
ing efficacy was carried out using the TIDE web tool. The 
TIDE software precisely determines the spectrum and fre-
quency of indels from the sequence traces. For this purpose, 
the PCR products of targeted regions from edited and non-
transfected cells were sequenced by Sanger’s method and 
sequence trace data were analyzed. As depicted in Fig. 3, 
the transfection efficiency, measured as indel frequencies, 

https://tide.deskgen.com/
https://tide.deskgen.com/
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was highest when using MNPs (15.3%, 27.6%) compared to 
classic lipofection (4.3%, 7.4%) for both plasmid concentra-
tions, respectively. Moreover, a higher dose of CRISPR/Cas9 
construct resulted in increased efficacy of genome cleavage 
in the target site. Data are presented as mean values from 
three biological replicates. The differences in the frequency 

of the desired editing event in transfected cells between mag-
netofection and lipofection were statistically significant. The 
TIDE assay identified the predominant types of indels in the 
DNA of the targeted cells. In this study, we observed that 
small insertions and deletions appear to be the most common 
mutations generated by the CRIPSR/Cas9 system. Examples 
of indels spectrum are shown in Fig. 4.

We did not observe any differences in cell morphology 
at 24 h post-transfection between magnetofection and lipo-
fection. Representative microscopy images of magneto-
fected cells and cells after lipofection are shown in Fig. 5. 
The cytotoxicity of the MNPs on PFFs was estimated by 
CCK-8 colorimetric assay. The survival rate of fibroblasts 
after transfection was determined. The results of absorb-
ance measurements led to the conclusion that there is no 
additional cytotoxicity associated with the MNPs compared 
with the non-magnetic lipoplexes within the tested DNA 
concentration in the porcine fibroblasts. However, the use of 
a higher plasmid dose reduced the viability of the PFFs for 
both transfection methods (for magnetofection from 66.7 to 
39.7%; for lipofection from 65.8 to 39.6%) (Fig. 6).

Discussion

An efficient CRISPR/Cas9 system delivery into porcine 
primary fibroblasts is a prerequisite for successful precise 
gene modification. In recent years, many non-viral vectors, 
such as lipids, liposomes and polymeric nanoparticles, have 
been rapidly developed for this purpose [3]. In our previous 
work [13], we demonstrated rapid and efficient delivery of a 
gene construct into PFFs using magnetofection technology. 
We achieved stable porcine transgenic cell lines expressing 
human CD59 membrane proteins. The cells were character-
ized by high proliferative activities and viability, as well 
as by the correct chromosome number. On this basis, we 
proposed application of MNPs in combination with a gradi-
ent magnetic field for delivery of CRISPR/Cas9 construct 
into PFFs. To our knowledge, this is the first application of 
this method to deliver the CRISPR/Cas9 system in order to 
achieve genome editing. We used PEI–Mag2 iron oxide nan-
oparticles for assembly into magnetic delivery complexes 
with CRISPR/Cas9 plasmid and an enhancer. Grześkowiak 
and colleagues showed that plasmid DNA with PEI–Mag2 
nanoparticles and DF-Gold as an enhancer in combination 
with an applied magnetic field facilitates vector internaliza-
tion, endosomal escape and protects the nucleic acid against 
nuclease degradation [20]. In this study, a CRISPR/Cas9 
construct expressing the sgRNA and the Cas9 nuclease was 
prepared to induce site-specific cutting at the porcine H11 
locus. A GeneArt Genomic Cleavage Detection Assay was 
used to obtain an initial estimate of whether targeted double-
strand DNA cutting by Cas9 nuclease was successful or not. 

Fig. 2  Gel image of genomic cleavage detection assay using trans-
fected cells. The porcine fetal fibroblast cell lines were transfected 
with CRISPR/Cas9 plasmid using magnetofection (lanes 6–7) and 
classic lipofection (lanes 4–5). A negative control sample for gene 
modification was wild-type genome (lanes 2–3). The samples were 
PCR amplified using the same set of primers flanking the target site. 
After re-annealing, samples were treated with (lanes 3, 5, 7) and 
without a (lanes 2, 4, 6) Detection Enzyme. The separation of DNA 
fragments was conducted in 2% agarose gel with size marker (KAPA 
Express DNA Ladder) (lane 1). The samples digested by a Detection 
Enzyme consisting of the total DNA divided into three bands: two 
cleaved bands and parental band

Fig. 3  CRISPR/Cas9 genome editing efficacy quantified by signifi-
cant indel production frequencies in the target site. The percentage 
of transfection efficiency in each tested group was marked on Y-axis. 
More than 3.5-times higher efficacy of genome cleavage occurred in 
the case of magnetofection (15.3% for 10  pg DNA/cell; 27.6% for 
20 pg DNA/cell) compared to lipofection (4.3% for 10 pg DNA/cell; 
7.4% for 20 pg DNA/cell). Significance level: *p < 0.05, **p < 0.01, 
***p < 0.001
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Fig. 4  Example results of 
the spectrum of dominant 
indel types in the cells after 
magnetofection—a dose of 10 
(a)/20 (b) pg DNA/cell and for 
lipofection—a dose of 10 (c)/20 
(d) pg DNA/cell, obtained 
by means of TIDE software. 
Bars indicate the percentage of 
sequences with a given deletion 
and insertion size. The default 
range of indel size for the 
TIDE algorithm is − 10 to + 10 
nucleotides. The percentage 
sum is < 100 because nonsig-
nificant peaks are not shown
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This method confirmed that specific cleavage occurred both 
after magnetofection and lipofection of CRISPR/Cas9 into 
PFFs. The levels of editing efficiency at the target site for 
pools of cells, measured as indel frequencies, were quan-
tified by TIDE web tool. We demonstrated more than 3.5 
times higher efficacy of CRISPR/Cas9-mediated genome 
cleavage occurring in the case of magnetofection compared 
to the classic lipofection method. The improved transfec-
tion efficacy when utilize PEI–Mag2 nanoparticles probably 

results from their magnetic properties accelerating sedimen-
tation and enhancing concentrations of magnetic transfection 
complexes on the cell surface in the presence of the magnetic 
field. Moreover, higher magnetofection efficiency can be 
caused by reduced non-specific interactions between MNPs 
and serum components from the cell culture medium, result-
ing in cellular internalization of the magnetic transfection 
complexes [18]. The fact that percentages of indel formation 
in PFF cells were generally not too high (15.3%/27.6% for 
the magnetofection method and 4.3%/7.4% for lipofection 
for plasmid doses of 10 and 20 pg/cell, respectively) may 
result from the sgRNA sequence used in this study, because 
it is known that the efficiency of CRISPR/Cas9 editing also 
depends on the choice of sgRNA sites. Nevertheless, the 
present study clearly indicates that the use of PEI–Mag2 
nanoparticles significantly increases the efficiency of on-
target activity compared with non-magnetic lipoplexes. 
Moreover, a TIDE assay provided an insight in the indel 
spectrum that occurred in the targeted pool of cells. Over-
all, small insertions and deletions appear to be most com-
mon CRISPR/Cas9-induced mutations. These observations 
coincide with other studies [19, 21]. The biggest differences 
among the insertions and deletions events occurred in cell 
populations edited with a higher dose of CRISPR/Cas9 plas-
mid in the case of magnetofection (the highest editing effi-
ciency). The most frequently detected type of mutation was a 
1 bp insertion, followed by deletions of increasing size. The 
transfected porcine primary fibroblast cell lines were also 
characterized by proliferative activities and survival rates. 
No morphological differences were observed between mag-
netofected and lipofected cells and a similar level of cell 

Fig. 5  Microscopy images (× 100 magnification) of non-transfected 
cells (a), cells 24 h after lipofection (b), cells 24 h after magnetofec-
tion (c). There were no differences in cell morphology between mag-
netofected and lipofected fibroblasts. Most of the cells looked healthy 
and only few floating dead cells were observed

Fig. 6  Survival rate analysis for cells after magnetofection and lipo-
fection. CCK-8 was used to detect the remaining vital cells. The per-
centage of surviving cells in each group tested was marked on the 
Y-axis. There were no differences between the level of cell viability 
that occurred when MNPs complexes (66.7% for 10  pg DNA/cell, 
39.7% for 20 pg DNA/cell) were used compared to the non-magnetic 
lipoplexes (65.8% for 10  pg DNA/cell, 39.6% for 20  pg DNA/cell) 
within the DNA concentration in the porcine fibroblasts that was 
being tested. Significance level: ***p < 0.001
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viability occurred when MNPs and non-magnetic lipoplexes 
were used. As expected, the use of a higher plasmid dose 
increased CRISPR/Cas9 editing efficiency at the expense 
of decreased cell viability, regardless of the transfection 
method used.

Conclusion

The CRISPR/Cas9 system has become one of the most pop-
ular genome editing methods used in molecular biology. The 
efficacy of CRISPR/Cas9 genome editing depends largely 
on delivery of the CRISPR/Cas9 components into the target 
cells. In this study, we suggest magnetofection to be an alter-
native technique for viral and non-viral CRISPR/Cas9 deliv-
ery system into porcine fibroblasts. The use of PEI–Mag2 
iron oxide nanoparticles in combination with an inhomo-
geneous magnetic field proved to be an effective, rapid 
and non-toxic strategy to improve CRISPR/Cas9-mediated 
on-target activity. Further studies are needed to determine 
whether the utilization of MNPs adapted for delivery of a 
CRISPR/Cas9 genome-editing system into porcine fibroblast 
cell lines can also be used in in vivo conditions.
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