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INTRODUCTION 
The critical developments leading to the current state of GE date 
back to the first gene delivery into mammalian cells, insulin gene 
cloning, synthesis of human recombinant lysosomal enzymes and 
human genome sequencing [1]. GE is employed in different gene 
delivery systems and has evolved to keep pace with technologi- 
cal advances in the field and further refined to distinguish various 
procedures and cell types. The term ‘Transfection” is given to the  
artificial process of introducing a segment of a foreign nucleic acid 
into a target cell using different methods [2]. The two main goals 

of transfection are to generate recombinant proteins with prop- 
er folding and post-translational changes needed for its function. 
This specifically promotes or suppresses gene expression in trans- 
fected cells. This process can lead to a change in the properties 
of the cell, allowing the investigator to follow the function and 
regulation of genes or their products, for the “creation” of trans- 
genic organisms, and as an efficient approach for gene therapy. 
Additionally, introducing proteins with readily detectable markers 
and other alterations into cells enables the study of promoter and 
enhancer sequences or protein: protein interactions [2]. Further- 
more, transfection can be used in a wide range of fields, including 
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ABSTRACT 

Background: Integrating transgene into the host genome for stable maintenance in dividing cells can have unpre- 
dictable effects on gene expression and unintended effects on neighboring genes. Ethical concerns are particular- 
ly serious in the case of clinical applications using germ cells of heritable genome editing in humans, i.e., modifi- 
cations introduced in sperm, eggs, or embryos to “create” genetically engineered children. One major challenge 
that faces in vivo gene editing (GE) technology is the selection of a suitable delivery route to transfer engineered 
DNA, RNA, or proteins into target cells. This problem originates from the large size of the key components and 
the low capacity of the delivery vector. In general, cell delivery methods available today can be broadly classified 
into three categories: chemical, biological and physical. 
Methods and findings: The PubMed search was used with each keyword of cell delivery strategies regarding the 
description of various delivery methodologies and factors that influence transfection efficiency. Due to the ex- 
ponential growth of papers that appear in the literature in the field and space limitations, the search was limited 
to data published in the year 2015 up to March 2022. Although the choice of the appropriate cell delivery route 
may look trivial, it is actually a crucial factor that is often overlooked. Selecting the origin and cell type, as well as 
proper experimental protocol, is of at most importance to maximize outcomes. 
Conclusion: The reader should keep in mind that a side by side comparison of the different methods may be 
necessary to find the most suitable methodology for a specific goal. No single approach can be applied to all cells 
and all experiments. The transfer of macromolecules through different cellular routes is much more challenging 
and technically complex. Hurdles remain to overcome before opening a prospective future in pharmaceutics and 
gene therapy. 
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the various forms of bio-production, generation of transgenic ani- 
mals using embryonic stem cells, model development for diseases, 
or drug development. One example is the antigens that are being 
currently developed as vaccines require a delivery vehicle in order 
to evoke the desired immune activation. Another is the delivery 
of reprogramming transcription factors that allows the production 
of induced pluripotent stem cell (iPSC) [3,4]. There are wide dif- 
ferences among the transfection strategies with respect to trans- 
fection efficiency, cell toxicity, effects on normal physiology, and 
level of gene expression. Successful GE must be able to deliver the 
donor DNA into a large number of target cells in order to have a 
therapeutic benefit [5]. The present review was carried out with 
the aim of improving overall understanding of cell delivery tech- 
nology and to find out how can specific transfection conditions be 
achieved to maximize chances for successful transfection and con- 
sequently perfect editing. 

METHODS 
An online search using the PubMed database was followed in this 
study. The snowball method was also used to extract other publi- 
cations. The keywords used included terms describing various de- 
livery methodologies and the factors that influence transfection 

Table 1: Basic differences between transient transfection and stable transfection 

efficiency. Thanks to the efforts of a large number of researchers 
and new ideas for improving equipment and strategies. Due to 
the exponential growth of papers published in the field and space 
limitations, only articles between 2015 and March 2022 were re- 
trieved. Titles in non-English language were excluded. After vig- 
orous screening and detailed evaluation, only 136 articles were 
selected for data extraction. 

RESULTS 
There are wide differences among the transfection strategies with 
respect to transfection efficiency, cell toxicity, effects on normal 
physiology, and level of gene expression. Scientists put transfec- 
tion methods in two main classes: transient transfection and sta- 
ble transfection [6]. 

Types of Transfection 

The type of transfection depends on whether the hosted nucleic  
acid resides in the cell for a restricted period of time (transient 
transfection) or whether it remains in the cells long term and is 
passed to the offspring of the transfected cell (stable transfection) 
(Table 1). 

 
 

Aspect of Comparison Transient Transfection Stable Transfection 

Stability of transfection 
Can be lost by environmental factors, nuclease 

digestion or dilution out during cell division. 

 
Relatively stable 

Type of nucleic acid used  Both DNA and RNA  Only DNA 

DNA configuration Highly supercoiled DNA Linear or circular 

Integration is most efficient when linear DNA 

Integration of DNA vector Not integrated, but remains in the nucleus. RNA by itself cannot be stably introduced into 

host cells. 

Number of copies of transfected gene and level 

of expression 

Multiple or large copy number results in high 

level of protein expression. 

Single or small copy number results in lower but 

level of expression 

Expression of the transgene 
Short-term

 

Genetic alteration is not permanent 

Long-term 

Genetic alteration is permanent. 

Replication of the foreign DNA within the trans- 

fected cell 

 

Does not replicate Replicates 

Passage of the foreign DNA to cell progeny Not passed Passed stably from generation to generation; 

 

Detection of the transfection 

 
Gene can be easily detected by inserting a 

reporter gene. 

Gene can be easily detected by inserting a 

selectable marker and selecting through artificial 

selection on media. 

Selective screening for transfectant Not required Required 

Time needed for cell harvesting 
Transfected cells are typically harvested within 

24–96 h of transfection. 

Requires 2–3 weeks of selection for the isolation 

of stably transfected colonies. 

Suitability for studies using vectors with inducible 

promoters. 

Generally not suitable, and not complex to 

perform. 

Suitable, rare in occurrence, complex, more 

laborious and challenging 
 

 

It is important to evaluate the efficiency of the transfection ap- 
proach, especially in functional investigations that requires high 
transfection efficacy to assure post-transcriptional control of 
specific downstream targets [7-9]. Comparison of transfection 
efficiency can be followed by flow cytometry, fluorescent activat- 
ed cell sorting, immunofluorescent staining, western blot,or re- 
al-time polymerase chain reaction [2,10,11,12]. 

Certain transfection protocols use cotransfection for particular 
applications. Cotransfection indicates that a host cell concurrently  
receives more than one type of nucleic acids, for example, plasmid 

DNA and small interfering RNA (siRNA) [12,13], multiple plasmid 
DNAs, siRNA and plasmid DNA, or multiple miRNAs [14,15]. It is a 
common procedure to produce stable transfection [16]. 

The plasmid DNA may contain a gene that is easily assayed and 
acts as a marker. To ensure the occurrence of this, an appropriate 
marker gene is co-transfected, which gives the cell a selection ad- 
vantage. The most commonly selectable markers are genes that 
encode for a fluorescence protein or those that confer resistance 
to different selection drugs or genes that compensate for an es- 
sential gene that is defective in the cell line [17]. 
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Factors Influencing Transfection Efficiency 

Successful transfection is affected by numerous factors that can 
all play a part in the outcome of your transfection experiment 
[2,18,19,20]. The most important factors include: 

Type of target cell: The biological features of the cell type must  
be carefully considered when planning for transfection 
experiments because certain cell types are not well suitable for 
particular trans- fection techniques [2]. Furthermore, different 
cell types/cell lines respond differently to a given transfection 
reagent or method [18- 20]. Primary mammalian cells are 
comparatively less vulnerable to transfection than other cell 
types due to their limited lifespan and restricted expansion 
capacity [21,22]. Regular observations suggest that transfection 
proficiencies are always lower than 40% regardless of the 
reagents employed and have implicated primarycells as a hard to 
transfect cell type [2]. 

Cell health and viability: The viability, density (confluency), and 
general health of cells before starting a transfection experiment 
are well-known important sources of variation from one transfec- 
tion to another [23]. The ideal cell density for transfection varies 
depending on different cell types, applications, and transfection 
techniques. To ensure that optimal confluency is achieved at the  
beginning of transfection, a standard seeding procedure should be 
maintained from experiment to experiment. Generally, cell surviv- 
al must be at least 90% before transfection and have had enough 
time to recover from passaging. As a general rule, using cells from 
the early passage was recommended to obtain transfection opti- 
mal results, especially for transfection which involves primary or 
stem cells [2,24]. 

To achieve good transfection outcomes, a routine sub-culturing 
protocol and passage cultures should be followed once or twice a 
week at a dilution that enables them to become almost confluent 
before the next passage [25]. As a whole, using cells that have un- 
dergone no more than 30 passages after thawing of a stock culture 
is recommended. Thawing a fresh vial of frozen cells and establish- 
ing low subcultures for transfection experiments enhances the re- 
covery of transfection activity. For optimal reproducibility, aliquots 
of cells of a low passage number can be stored frozen and thawed 
as required [26]. 

Transfection medium: Selection of the most optimal medium for 
the cell type and transfection method plays a crucial role in trans- 
fection protocols. It is very important to use a fresh culture medi- 
um, especially if one or more of the gradients are unstable. This 
is so because a medium that is missing key components and nec- 
essary supplements may detrimentally affect cell growth [27]. In 
general, the serum is important in the culture medium to facilitate 
transfection with DNA. Most cells remain healthy for several hours 
in absence of serum in the medium. To retain the health of the 
cells, lesser amounts of antibiotics should be added when a serum 
free medium is used than in a serum containing medium. 

Type of transfection reagent: The efficiency of chemical transfec- 
tion depends largely on the type of reagents utilized in the trans- 
fection process [2]. The effectiveness of different transfection 
reagents may differ even in different cell lines originating from 
the same species. Generally, lipid based or liposomal reagents re- 
vealed better transfection performance in most experiments that 
involved immortalized human and animal cell lines [2]. In compar- 
ison, non-liposomal reagents were shown to have higher safety 

than liposomal based reagents [28]. In both primary and immor- 
talized human cell lines, liposomal reagents were found to cause 
a higher level of cytotoxicity than non-liposomal reagents [2,28]. 
Another important factor that plays a role in transfection efficacy 
and level of cytotoxicity is the ratio of nucleic acids to transfection 
reagents. When disproportionate and high transfection reagent 
volume was used, cell toxicity increased resulting in the reduction 
in the overall outcome of transfection [18]. 

Type of Delivery: When plasmid DNA is used as a vector for 
trans- fection, the configuration (linear or supercoiled DNA) and 
the size of the plasmid affect the efficacy of transfection [29]. 
Transient transfection is most effective with supercoiled plasmid 
DNA and generally produces higher efficiency relative to linear 
DNA, which is more susceptible to digestion by exonucleases [30]. 
However, asa rule, stable transfection is restricted to DNA vectors 
since it givesoptimal integration of DNA into the host genome of 
the host cell [31]. Although the linear DNA produces less DNA 
uptake by the cells compared to supercoiled DNA, it gives 
optimal integration of DNA into the genome of the transfected 
cell [2]. 

For stable transfection, RNA molecules by themselves cannot be 
used. When siRNA and miRNA are used they are delivered into 
host cells as short hairpin transcripts made from a selectable DNA 
vector. RNA transfection does not mandate genome integration, 
transcription, and post-transcriptional processing. This may accel- 
erate the synthesis of the wanted protein [32]. However, the ex- 
pression of a protein is transient following RNA transfection, and 
RNAs are relatively less stable than DNAs. This makes them more 
susceptible to breaking down when transported in the cell [33]. 

Transfection method: It is essential to note that not all of the 
trans- fection approaches that utilize biological, chemical, or 
physical methods can be applied to all types of cells. Factors 
required toreach a high degree of transfection efficacy, minimal 
cytotoxicity, reduced effects on normal functions physiology, the 
ideal rate of gene expression etc. depend principally on cell type 
and the prin- ciples controlling these methods [2,34]. The direct 
delivery of thegene construct may theoretically sound easy, more 
efficient, and specific than physical and chemical methods. In 
practice, it proves to be an inappropriate choice because the 
successful gene deliv- ery system needs the foreign genetic 
molecule to remain stable within the host. 

A key parameter that influences transfection efficiency is the ion- 
ic composition of the electroporation buffer [34]. In addition, the 
size and concentration of the vector should be carefully chosen 
when planning an electroporation protocol. In this regard, the 
large sized plasmid was observed to reduce electroporation trans- 
fection [30]. In laser based transfection, the density and duration 
of laser pulse employed in delivering foreign nucleic acids into the 
host cells would primarily influence the success of the process. 
The use of different cell types during laser assisted transfection 
would also affect transfection efficiencies [2]. On the other hand, 
when a magnetic assisted transfection approach is used, DNA and 
RNA have to be coated with metals or other carrier molecules to 
neutralize them. Also, a magnetic conjugated Adeno associated vi- 
rus (AAV) vector can be used to introduce the nucleic acid complex 
into the host cell [35]. Two important factors were described to 
increase the efficiency of magnetofection; the cell types and the 
number of pulses [35,36]. 
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Cell Delivery Technologies 

t cell types and all experiments. Therefore, the selection of appro- 
priate cell type and optimal nucleic acid size is crucial to guarantee 
the success of the transfection protocol [2]. Delivery technologies 
or transfection methods available today can be basically grouped 
into three classes: chemical, biological, and physical (Table 2) (Fig- 
ure 1). 

 

 
 

Figure 1: Delivery technologies or transfection methods 

 

Table 2: Summary on comparison between the most common cell delivery strategies for gene editing 

Delivery Vehicle Composition Most Common Cargo Capacity Advantages Limitations 
Ease of

 

Use 

Direct microin- 

jection 

 
Needle 

DNA plasmid 

mRNA (Cas9 + sgRNA); 

RNP 

DNA plasmid; 

nM levels of Cas9 

and sgRNA 

 
nM levels of Cas9 

Guaranteed delivery 

into cell of interest 

Delivery to cell pop- 

 

Time-consuming; difficult; 
generally in vitro only 

 
Generally in vitro only; 

 

 
*** 

Electroporation Electric current 
mRNA (Cas9 +sgRNA) and sgRNA 

ulation; well-known 

technique 

* 

some cells not amenable 

Adeno-Associat- 

ed Virus 

Non-enveloped, 

ssDNA 

DNA plasmid <5 kb nucleic acid 
Minimal immunoge-

 

nicity 
Low capacity ***

 

Adenovirus 
Non-enveloped, 

dsDNA 
DNA plasmid 8 kb nucleic acid 

High efficiency
 

delivery 

Inflammatory response; 

difficult scaled production 

 

*** 

Lentivirus 
Enveloped, 

RNA 
DNA plasmid 

about 10 kb, up to 
18 kb nucleic acid 

Persistent gene 

transfer 

Prone to gene rearrange- 

ment; transgene silencing 

 

*** 

Lipid nanoparti- 

cles/ liposomes/ 

lipoplexes 

Natural or 

synthetic lipids 

or polymers 

mRNA (Cas9 + sgRNA); 

RNP 

nM levels of Cas9 

and sgRNA 

Virus-free; simple 

manipulation; low 

cost 

Endosomal degradation of ** 
cargo; specific cell tropism 

Cell- Penetrating 

Peptides 

Short amino 

acid sequences 
RNP 

nM levels of Cas9 

and sgRNA 
Virus-free; can deliv- 

er intact RNP 

Variable penetrating ** 
efficiency 

 

DNA 

Nanoclew 

 

DNA spheroid RNP 
nM levels of Cas9 

and sgRNA 
Virus-free 

Modifications for template 

DNA needed 

 

 
**** 

 

Gold Nanopar- 

ticles 

 

Cationic argi- 

nine- 

 

RNP 
nM levels of Cas9 

and sgRNA 

 

Inert; membrane-fu- 

sion-like delivery 

 
Nonspecific inflammatory ** 

response 
 

 

 

Among many nanocarriers based delivery systems, liposome 
technology has been particularly useful with many formulations 
launched into clinical applications [37]. They are well studied and 
effective gene and/or drug delivery tools, widely utilized in cancer 
chemotherapy and gene therapy [38-41]. 

Chemical: Chemical methods utilize carrier molecules to neutral- 
ize or transfer a positive charge to the negatively charged nucleic 
acids. Nanoparticles are defined as solid colloidal particles with a 

diameter between 10 and 1000 μm. The active ingredient is dis- 
solved, entrapped, or encapsulated within the solid matrix of the  
particles. In comparison to physical or mechanical transfection 
methods, chemical transfection involves using specially designed 
chemicals or compounds to help in introducing the foreign nucleic 
acid into the host cells [42-44]. Summarizes the advantages and 
disadvantages of commonly used gene transfer chemical strate- 
gies (Table 3). 

 

Table 3: Comparison of chemical methods used in gene delivery 

Method Advantages Disadvantages 

 
 
 
 
 

 
Cationic lipid mediated delivery 

 

Fast, simple, and reproducible 

Purchased commercially with reproducible results 

High efficacy and expression performance 

Applicable to a wide range of cell lines with superior 

efficacy and high-throughput screens 

Can be used for delivering DNA of all sizes, RNA, 

siRNA, protein, or oligonucleotides 

No size limit on the packaged nucleic acid 

Can be applied to both transient and stable expression 

systems 
Unlike other chemical methods, can be used for in vivo 

delivery of nucleic acids to animals and humans. 

Optimization may be needed; some cell lines are sensitive 

to cationic lipids 

Certain cell lines are not easily transfected with cationic 

lipids 

Transfection efficacy may be lowered by the presence of 

serum which may induce non-specific interactions with 

serum proteins, immunogenic response, interfere with 

complex formation, resulting in rapid blood 

Absence of serum in the medium may enhance cell toxicity 

Transfection efficiency depends on the cell type and 

culture conditions, requiring the optimization of transfection 

conditions. 

runs seriously short for therapeutics purposes 
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Calcium phosphate co-precipi- 

tation 

 
 
 
 
 
 

 
DEAE-dextran 

 
 
 
 

Delivery by other cationic poly- 

mers 

 
 

 
Well-described, popular, inexpensive and easily 

mastered 

Applied to both transient and stable protein production 

Efficiency is high with many types of cultured cells (cell 

line-dependent) 

 
 
 

Relatively simple approach 

Inexpensive and results reproducible 

High efficacy (cell line-dependent) 

Ideal for overexpression of recombinant protein in 

transient transfection 
Can be applied to ex vivo gene transfer therapy 

 

 
Cost-effective, relatively simple and highly reproducible 

Typically stable in serum and not temperature sensitive 

Needs careful preparation of reagents; CaPO4 solutions 

are prone to slight changes in pH, temperature, and buffer 

salt concentrations 

Success rate of transfection is comparatively low and 

requires prior optimization to improve efficiency 

Reproducibility might be problematic 

May be cytotoxic to many types of cell cultures, especially 

of primary cells. 

Does not work with RPMI medium due to its high phos- 

phate concentration. 
Not suitable for in vivo gene delivery to whole animals 

Has a toxic effect on viability in some cell types 

Useful for restricted transient transfections, but not suitable 

for generating stable cell lines. 

Low transfection rate for a range of cell types (typically 

lower than 10% in primary cells) 

Need for reduced serum media during the transfection 

procedure 

Vary dramatically in their level of transfection efficiency and 

cell toxicity. 

Optimization of cationic polymers is needed to improve the 

gene transfection efficiency. 

Non-biodegradable (dendrimers) 
 

 

Cationic lipid transfection: The cationic lipid mediated delivery 
method represents one of the most popular procedures for intro- 
ducing foreign genetic material into cells [45,46]. Basically, a cat- 
ionic lipid consists of a positively charged head group and one or 
two hydrocarbon chains. The head group controls the interaction 
between the lipid and the phosphate backbone of the nucleic acid, 
and mediates DNA condensation. It allows a highly efficient trans- 
fection of a wide range of cell types, including adherent, suspen- 
sion, and insect cells, as well as primary cultures. 

In principle, cationic polymers complex with the negatively 
charged DNA and siRNA aid in the delivery of the cargo into cells 
through endocytosis. With cationic lipid reagents, the DNA solu- 
tion is not deliberately encapsulated within the liposomes; rather, 
the negatively charged DNA binds spontaneously to the positively  
charged liposomes, forming condensed nucleic acid-cationic lipid 
reagent complexes via electrostatic interactions between the neg- 
atively charged nucleic acid and the positively charged head group 
of the synthetic lipid reagent. 

Calcium phosphate transfection: Calcium phosphate transfection 
is another common approach that utilizes Ca2+ molecules to in- 
duce precipitation of two frequently utilized polymeric vectors 
for DNA transfer are polyethenimine (PEI) and poly (L-lysine) [47]. 
Basically, the mechanisms underlying this transfection method in- 
volve mixing the negatively charged nucleic acids with the posi- 
tively charged calcium ions (Ca2+) in a buffered saline/phosphate 
solution to form a calcium-phosphate-DNA co-precipitate [44]. 
Branched PEI have elevated charge density, allowing efficient plas- 
mid DNA packing, and pH-buffering ability that helps escape from 
endosomes. Since branched PEI is cytotoxic, a compromise be- 
tween the desirable properties of branched PEI and the less toxic 
linear PEI must be followed for efficient transfection. This route is 
not suitable for in vivo delivery of nucleic acids to whole animals, 
and it exhibits relatively poor transfection efficiency in comparison 
to other chemical transfection techniques such as lipid-mediated 
transfection. 

DEAE-dextran transfection: The cationic diethylaminoethyl (DE- AE)-
dextran molecule tightly binds the negatively charged nu- 
cleotides. The net positive charge of the resulting nucleic ac- 

id-DEAE-dextran complex facilitates the adherence to the cell 
membrane and entrance into the cytoplasm by endocytosis or 
osmotic shock induced by Dimethyl Sulfoxide or Glycerol [8]. Bio- 
chemical methods of transfection such as calcium phosphate-me- 
diated and DEAE-dextran-mediated transfection have been used 
for a long time to transfer nucleic acids into cultured mammalian 
cells [8]. DEAE-dextran-mediated transfection differs from the cal- 
cium phosphate co-precipitation method in that it is used for tran- 
sient expression of cloned genes and not for stable transformation 
of cells. Another difference is related to the smaller amounts of 
DNA which are used for transfection with DEAE-dextran than with 
calcium phosphate co-precipitation. The DEAE-dextran method is 
suitable for transient transfections with promotor/receptor plas- 
mid or viral vectors in investigating promotor and enhancer func- 
tions [8]. 

Delivery by other cationic polymers: Other cationic polymers 
used for gene transfer include cationic peptides and their 
derivatives (e.g., polylysine, polyornithine), linear or branched 
synthetic poly- mers (e.g., polybrene, polyethyleneimine), 
polysaccharide based delivery molecules (e.g., cyclodextrin, 
chitosan), natural polymers (e.g., histone, collagen), and 
activated and non-activated den- drimers [48]. These 
polyplexes are formed between a cationic polymer and a 
nucleic acid-mediated by electrostatic interactions and therefore 
called polycation/DNA complexes [49]. The complex adheres to 
the cell membrane through electrostatic interactions and enters 
the cell by endocytosis. These polymers differ from cationic 
lipids in that they do not have a hydrophobic moiety and are 
totally soluble in water. They are, by far, the most widely used 
non-viral gene delivery vectors. Several variables such as molec- 
ular weight (MW), surface charge, charge density, hydrophilicity 
and the structure of cationic polymers affect gene transfection ef- 
ficiency of cationic polymers [49]. 

When compared to DEAE dextran, cationic polymers offer more  
complex stability, higher reproducibility, and greater transfection 
efficiencies (Table 3). However, their cytotoxicity and limitation to 
transient transfection research remain the major concern regard- 
ing their applicability. Although higher MW cationic polymers have 
a very low rate of biodegradation and are more cytotoxic than 
small polymers, their transfection efficiencies are higher because 
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of their increased polymer to nucleic acid charge ratio. However,  
the higher toxicity of larger MW polymers can be reduced by bio- 
degradable cross-linking of low MW polymers into larger polymer- 
ic structures [49,50]. 

Physical 

Compares four physical methods usually employed either in vitro 

or ex vivo to directly deliver nucleic acids into the cytoplasm or 
the nucleus of the cell. Other physical delivery technologies use 
hydrodynamic pressure, magnetic field, or ultrasound to drive 
naked nucleic acids or nucleic acid-particle complexes into target 
cells (Table 4). 

 

Table 4: Comparison of presently available physical cell delivery methods 

Method Advantages Disadvantages 
 

Needs expensive instrumentation, e.g. a microscope precludes the 

 
 

 
Microinjection 

 
 
 
 
 
 
 

Electropora- 

tion 

 
 
 
 
 
 

 
Biolistic 

particle 

delivery 

 
 
 
 
 
 
 
 

Laser-medi- 

ated 

transfection 

Straightforward, simple and rapid 

Results are reliable with very high efficiency 
Can be applied in transient and stable transfection of all cell types. 

Less dependent on cell type and condition 

Allows single-cell transfection 
No limit on the size and or number of genes that can be delivered 

Vector not required 

Used in clinical applications such as gene therapy 

 
 

Simple principle 

Reproducible results if optimized 

Fast transfection of large number of cells if optimized 

Less dependent on cellular type and condition 

High efficacy and less constrains on size of the cargo 

Vector not needed 

 

Rreliable, fast and highly reproducible 

Less dependent on cell type and condition 
Can be used for in vitro as well as in vivo transfer of nucleic acids 

in gene therapy 

Employed to transiently transfect replicating and non-replicating 

cells 

Present no limitation to the size and or number of genes that can 

be delivered 

Allows both stable and transient transformations 

Used for transformation of cells with unique growth requirements 

that are not amenable to other methods of transfection 

Primarily useful for genetic vaccination and agricultural application 

Non-toxic, non-allergic and non-mutagenic. 

Can be used for delivering DNA, RNA, proteins, ions, micromole- 

cules. 

Capable of making pores at any location on the cell. 

Applicable to very small cells 

Allows single-cell transfection or transfection of large number of 

cells at the same time 

Vector not needed 

High transfection efficacy efficiency 

Applicable to a wide range of cell lines 

use of in a true in vivo setting 

High precision requires sophisticated personnel technical skills or 

robotic system 

Technically demanding and very laborious (one cell at a time) 

High voltage may result in high level of cell necrosis, apoptosis, 

and permanent cell damage which are not easily repaired 

Compared to chemical transfection methods, requires the use of 

larger quantities of cells 
Limited to in vitro or ex vivo applications 

Requires special instrumentation; 

Electrical pulse and field strength require optimization 

More manipulation of cells required 

High level of cell damage and toxicity 

Requires large number of cells due to high mortality rate 

Irreversible membrane damage and cell lysis possible 
Limited to in vitro or ex vivo applications 

 

 
Needs expensive instrumentation 

Causes mechanical damage to samples 

Necessitates large number of cells due to the high death rate 

Preparation of microparticles needed 

Relatively expensive for research applications 

In general, efficiency is lower than electroporation or viral- or 

lipid-mediated delivery 

Leads to physical cell damage, and needs lage cell numbers 

because of high mortality. 

 
 
 
 
 

Needs expensive laser-microscope system 

Needs attachment of cells 

Technically demanding 

 

 

Microinjection: In spite of all associated complications, this tech- 
nique has been reported to remain of great value in clinical ap- 
plications such as gene therapy [25,51,52]. Gene transfer via mi- 
croinjection is considered the gold standard procedure because 
it ensures the efficacy of approximately 100% [53]. In microinjec- 
tion, a micron-scale needle (0.5-5.0 μm diameter) pierces the cell 
membrane and directly releases a cargo like a nucleic acid into 
the cytoplasm/nucleus of an individual cell at a time [54,55]. Mi- 
croinjection into an oocyte or one cell embryo was also able to 
achieve high efficiency. However, this method is limited to ex vivo 
applications such as introducing genes into oocytes for engineer- 
ing transgenic animal models or the delivery of artificial chromo- 
somes [52]. 

Several disadvantages of microinjection were reported [56]. These 
include the considerable time required to perform sophisticated 

technical skills that ensure high rates of transgenesis and embryo 
survival, and it often causes cell death. This makes two different 
microinjections into a single cell technically impractical. In ad- 
dition, two microinjections, even if separated by several hours,  
typically give non-viable cells [55]. Therefore, this method is not 
appropriate for research that requires the transfection of a large 
number of host cells. 

Electroporation: The most extensively studied physical delivery 
tool is electroporation (Nucleofection). This technique has been 
developed to overcome the difficulties encountered in applying 
microinjection procedures. It is one of the long standing physical 
methods for delivery of GE components into a population of cells 
suspended in a buffer. It is a highly effective approach for introduc- 
ing exogenous charged molecules like DNA, RNA, or protein into 
a broad spectrum of different cells, including bacteria and mam- 
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malian cells [57]. Electroporation is widely used because it is less 
dependent on cell type than other delivery techniques allowing 
the transfer of cargo into difficult to transfect cells such as primary 
cells, stem cells, and B cell lines [58]. In electroporation, cells and 
chosen molecules are suspended in a conductive solution. Then, 
an adjusted pulsed high voltage electrical current is applied for a 
few microseconds to a millisecond. This disturbs the phospholipid 
bilayer of the cell membrane and creates temporary nanometer 
sized pores making it no more selective structure [59]. 

The electroporation technique is most commonly used in an in vi- 
tro setting, though as with microinjection, ex vivo applications are 
also valid [36]. A drawback of electroporation is that it is typically 
not suitable for in vivo applications owing to the oftentimes large 
amounts of voltage needed to be applied across cell membranes. 
More modern instrumentation has overcome high cell death by 
distributing the electrical pulse evenly among the cells and main- 
taining a stable pH throughout the electroporation chamber. The 
design of the transfection chamber and optimization of pulse and 
field strength parameters are key benefits that result in increased 
cell viability and transfection efficiency compared to traditional 
cuvette based electroporation systems. More recent transfection 
systems have been designed for electroporation of mammalian 
cells as well as for other cell types such as insect cell cultures and 
parasites [60]. 

Biolistic particle delivery: Briefly, biolistic particle delivery (also 
known as particle bombardment), involves carrying molecules 
coated by heavy metal particles (usually gold or tungsten). These 

particles are accelerated at a high velocity of gas like helium us- 
ing a ballistic device (i.e., “gene gun”). The loaded particles are 
introduced to transform target cells in intact animal tissues, an- 
imal cells in culture, and animal embryos [45]. Recently, biolistic 
particle delivery has emerged as an excellent alternative strategy 
for plant genetic transformation which circumvents the limitations 
of Agrobacterium-mediated genetic transformation [61]. 

Laser-mediated transfection: Laser-mediated transfection, also 
known as laserfection, or phototransfection, utilizes a laser pulse 
to transiently create small holes in the plasma membrane [62]. 
When the laser perforates the membrane, the osmotic gradient 
between the medium and the cytosol enhances the passage of 
nucleic acids or other desired substances from the medium (ions, 
small molecules, proteins, semiconductor nanocrystals, etc.) into 
the cell. In spite of its advantages, laser-assisted transfection simi- 
lar to electroporation poses risks of cell membrane damage and ir- 
reversible cell death (Table 4). It should be kept in mind that phys- 
ical and chemical delivery protocols may result in damage to the 
cells, be inefficient or be not suitable for the in vivo practices [45]. 

Biological 

Researchers recognize two major vehicles for gene delivery: viral 
and non-viral (synthetic) vectors (Table 5). Biological methods rely 
on genetically engineered viruses to transfer non-viral genes into 
cells. Viral vectors are broadly employed to deliver DNA and are 
typically integrase defective LV, Adenovirus (AdV), and herpes sim- 
plex virus. 

 

Table 5: Comparison between viral and non-vital cell delivery strategies 
 

Aspect Viral delivery Non-viral delivery 

Insert size Limited to ~10 kb for most viral vectors Larger (~100 kb) 
 

 
Therapeutic transfection 

efficiency 

 
 

Feasibility to manufac- 

ture recombinant viruses 

Offer higher levels of transduction efficiency and stable 

integration of exogenous DNA into the host genome. 

More efficient for most primary human cells 

 
Technically expensive, challenging and laborious and 

time-consuming 
Transected cell line must have viral receptors 

Generally less efficacious due to anatomical and cellular 

barriers 

Demonstrated in animal models, but efficiency remains to 

be a key obstacle for clinical applications. 

 

Technically more feasible and cheaper 

 

Level of transient ex- 

pression 

 
Low High 

 

 
Safety concerns 

 

 
Potential for repeat 

administration. 

Low safety; high risk for viral infection, cytotoxicity, 

immunogenicity, insertional mutagenesis and malignant 

transformation 

 

Limited opportunity because of acute inflammatory 

response, and delayed humeral or cellular immune 

responses. 

 

Much safer, more stable with lower immunogenic re- 

sponse 

 

 
Higher potential 

 
 

 

The introduction of non-viral vector systems was able to overcome 
limitations experienced with viral vehicles. Recently, a hybrid of 
viral and non-viral transfection methods has been used to improve 
transfection efficiency compared to other transfection approach- 
es using polyplexes alone [63]. The hybrid based transfection has 
demonstrated safety and the ability to produce stable human cell 
lines that constantly expressed the proteins of interest [63,64]. 
However, hybrid techniques seem to be more time and more mon- 
ey consuming due to the necessity for unique glycosylated artifi- 
cial virus like hybrid vectors [63]. 

Non-viral delivery 

Non-viral vectors are typically based on cationic lipids or polymers. 
Compared to the popular viral vectors, they have been considered 
a potential alternative option and are now a successful and fast 
paced research field in the delivery of donor DNA [64]. Enormous 
efforts have been made toward the refinement of non-viral ap- 
proaches, and presently non-viral vectors are receiving significant 
attention because of their favorable properties. Non-viral delivery 
cascades include a wide spectrum of transport mechanisms, which 
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range from nano-sized particles to complex polymers. Non-viral 
vectors such as polymers, lipids, inorganic particles and combina- 
tions of different types. Many factors are considered before the 
selection of uptake pathways of non-viral gene complexes. These 
factors include particle size, the density of particle surface charge, 
particle shape, cell type, and culture conditions [65-69]. 

Lipid nanoparticles/liposomes: The most developed in vivo non-vi- 
ral delivery technique is the solid lipid nanoparticles. In principle, 
when lipids are placed in an aqueous solution, they naturally form 
nanoparticles, and by simple agitation, cargo can be encapsulated 
within [52,70]. The FDA has approved this strategy as an appeal- 
ing option for transferring Cas9 RNPs because of its distinguished 
efficiency and outstanding clinical history [71]. Lipid nanoparticles 
have long been employed as delivery tools for a broad range of 
various molecules to cells and have proved popular for nucleic 
acid delivery. Nucleic acids are typically unstable extracellularly, 
and because of their highly anionic nature, they do not easily cross 
the cell membrane. However, by encapsulating nucleic acids with- 
in typically very cationic liposomes, they can be introduced into 
cells with relative ease. Lipid nanoparticle carriers do not possess 
any viral components; therefore, the contained load is protect- 
ed from immunological reactions or enzymatic degradation [57]. 
They can also, like viral particles (See below; viral delivery section), 
be used in vitro, ex vivo, and in vivo, allowing for extensive testing 
on different scales of cell types [36]. Furthermore, this procedure 
is effective in GE and can theoretically be accomplished in a single 
administration, thereby reducing cytotoxicity and immunogenicity 
that may result from repeated doses [57]. The nanoparticle size is 
a key factor that affects all steps in the delivery process. However, 
it is difficult to define a particle size range for optimal transfection 
efficiency because the size effect is highly dependent on several 
variables including vector type, cell membrane permeability, and 
cellular uptake as well as circulation time in blood, spleen, and liv- 
er filtration kidney filtration [64]. 

Lipoplexes/polyplexes: One class of promising non-viral vectors 
for nucleic acid delivery into cells is the peptide based cationic 
lipids [64]. A prominent challenge of using a lipoplex is the low 
transfection efficiency. To increase polycation and enhance trans- 
fection Metallo-liposomes of Ruthenium (Ru) and phospholipid 
complexes were synthesized [72]. Two peptide lipids containing 
a tri-ornithine head (LOrn3) and a mono-ornithine head (LOrn1) 
were generated and the interaction kinetics of the liposome medi- 
ated gene delivery was examined [73]. In these studies, the trans- 
fection efficiency significantly impacted the length of the Ru-lipid 
and hydrophobicity and the charge ratios of the peptide lipids, 
respectively. Further research directions are waiting to advance 
peptide lipid vectors. 

Cell-penetrating peptides: The cell-penetrating peptides (CPPs), 
also known as protein transduction domains, have been success- 
fully used to deliver a large variety of cargoes, from small parti- 
cles to proteins, peptides, nucleic acids, and even pharmaceutical 
nanocarriers to the cell interior in vitro, ex vivo and in vivo. They 
represent a novel approach that has emerged to overcome cell 
membrane impermeability and deliver a large variety of particles 
and macromolecules into cells [74]. CPPs are synthetic and natural 
usually short segments of amino acids (7-30 amino acid residues) 
that are able to cross cellular membrane [74,75]. These molecules 
are generally, cationic, and/or amphipathic peptides which make 
them promising vectors for therapeutic delivery [74]. The mecha- 

nism of cellular internalization of these peptides is not clear. But 
it seems to be dependent on cargo, cell type as well as the exper- 
imental conditions (temperature and pH) and believed to involve 
endocytosis or direct translocation , or both. 

The CPPs technique is quite easy, but the challenge of this strate- 
gy is the selection of the size, stability, nonspecific versus specific 
associations, and potency versus toxicity [76]. It needs extensive 
optimization for each type of cargo and cell. Another drawback of 
CPPs is the low efficiency of the desired targeted mutation in cells  
usually around 10%-20%. 

It has been used for the treatment of anterior and posterior seg- 
ment eye diseases [75]. The CPPs administration approach has 
proven to be non-invasive or minimally invasive, shifting from the 
capability to obtain intracellular delivery to their ability to cross 
biological barriers [75]. Recently, CPPs with mitochondrion target- 
ing ability, named mitochondrion targeting peptides, have been 
engineered for mitochondrion targeted drug delivery in cancer 
therapy [77]. 

DNA Nanoclew: A nanoclew, also known as nano-cocoon, is a 
sphere like structure that measures 150 nm across, made of a sin- 
gle tightly wound strand of DNA. This unique technology has been 
developed and utilized in in vitro settings by a group of research- 
ers [78]. Once in the cell, the cell’s acidic environment cleaves the  
polymer sheath containing the DNase. Released from its sheath,  
the DNase quickly slices through the DNA cocoon, spilling its en- 
grafted load; a drug or a nucleic acid [79]. In these settings, nano- 
claws demonstrated potent gene knockdown at both mRNA and 
protein levels, with negligible cytotoxicity to deliver CRISPR/Cas9 
components [79]. 

Overall, nanoclews are relatively easy to manufacture and can 
serve as a versatile approach that could be adapted for delivering 
other DNA-binding proteins or functional nucleic acids. However, 
more testing is guaranteed, particularly on the potential immuno- 
genicity of DNA nanoclews [36]. 

Gold nanoparticles: Gold nanoparticles (AuNPs) have an advan- 
tage over many other nanoparticles in chemicals [80]. Compared  
to other nanoparticles, AuNPs possess unique advantages of hav- 
ing small sizes (1 nm to 8 µm), different shapes, and a high surface 
area to volume ratio. They can form stable chemical bonds with 
S-and N-containing groups. This allows them to link with a wide 
variety of organic ligands or polymers with a specific function. 
Consequently, AuNPs have found many applications in bio-nano- 
technology, ranging from imaging agents to inert carriers of other 
constituents [45]. AuNPs as delivery vectors have demonstrated  
promises in the field of therapeutics due to their high surface load- 
ing capacity of oligonucleotides, antibodies, and proteins [80,81]. 
The easy design and multifunctionality allow a versatile and useful 
delivery strategy for drugs and genes [80,82,83]. By using a gene 
gun AuNPs have been extensively used for the delivery of DNA vac- 
cines through the skin epidermis. Contrary to the DNA nanoclew, 
which depends on a biological molecule to act as a carrier, AuNPs 
are inert and will not trigger an immune response to the nanopar- 
ticle itself [84]. They lack cytotoxicity and are efficiently used in in 
vitro, ex vivo, and in vivo settings [81]. There are several challenges 
facing AuNPs basic laboratory research that have to be solved be- 
fore their clinical application. One major technical difficulty in GE 
of somatic cells for therapeutic purposes is targeting the stem cells 
of the affected tissue [80]. 
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Viral Delivery 

Conventional gene transfer has successfully employed viral vec- 
tors to introduce foreign genes into the host genome. Currently,  
viral cell delivery (also known as transduction) has the highest 
efficiency amongst gene delivery tools. LV vectors with improved 
safety characteristics have been found to minimize insertional mu- 
tagenesis safety concerns raised in early clinical trials for severe 
combined immunodeficiency  using γ-retroviral vectors [85]. Viral 

based vectors offer alternative means to transfect cell types that 
are not amenable to lipid mediated transfection. Many options are 
available for selecting a viral delivery system that matches specific 
research needs. A variety of viral vector systems are commonly 
existing and have been used as the main delivery vectors introduc- 
ing DNA or mRNA into mammalian cell culture and in vivo as well 
as into insect host cells for protein expression and RNAi studies 
[20,86] (Table 6). 

 

Table 6: Comparison between types of viral cell delivery systems 

Aspect Lentiviruses Adenovirus 
Adeno-associated 

virus 
 

Type and form of nucleic acid RNAs 
Double stranded 

DNAs 

 
Single-stranded DNAs 

 

Availability/Potential production Feasible and shows promising, but costly productivity. relatively facile Plentiful 

Packaging capacity Large up to 18 kB. Up to 35 kB 
Small and limited insert

 

<5 kb 

Type of transfected cells Both dividing and non-dividing 
Both dividing and

 

non-dividing 

Higher in epithelial 

Cell transduction efficiency Highly efficient in most cells than endothelial cells 

types 

Both dividing and non-di- 

viding 
 

High in vivo cell infection 

efficacy 

Integrates the transgene into the genome of host cells; 

Integration into the host genome 
RNAs are reverse transcribed into a double-stranded 

viral DNA before being integrated into the host cell 
genome 

 
Expression system of transgene Offers transient or stable long-term gene expression 

 
 

Amplification, storage and stability 
Remains part of the host DNA and is perceived by the 

cell as normal host cellular DNA. 

 
Risk of insertional mutagenesis 

High under certain conditions 
and gene disruption 

 

 
Inflammation/ Immunogenicity and 

Highly cytogenotoxic 
pathogenicity in human 

 
Naturally very low 

integrators 

 
Unable to induce 

prolonged protein 

expression 

Easily amplified and 

stored 
 

Lower but existent 

risk of triggering 

mutagenesis 

 
 

Usually induce strong 

response 

 
Does not integrate into 

the host genome 

 
Unable to produce sus- 

tained gene expression 

 
Stable at different tem- 

peratures and pH values 
 

Insertional mutagene- 

sis possible at certain 

positions 

Lower immunogenicity 

relative to adenoviruses 

Low toxicity 

Does not cause any 

known disease 
 

Safety in in vivo somatic cell gene 

therapy 
Low 

High laboratory 

safety 

 

Showed safety profile in 

phase I clinical trials 
 

 

 

An ideal viral infection procedure involves the engineering of the 
recombinant viral nucleic acid carrying the transgene, amplifica- 
tion of recombinant virus in a packaging host cell line, purification 
and titration of amplified viral particles, and subsequent infection 
of the target cells. Although the accomplished transduction effica- 
cies in primary cells and cell lines are quite high (~90-100%), only 
cells carrying the viral-specific receptor can be infected by the vi- 
rus. It is also important to note that the packaging cell line used in 
transduction requires being transfected with a non-viral transfec- 
tion strategy [86]. 

DISCUSSION 
The lack of an efficient and safe delivery system into cells and 

tissues remains to slow clinical applications of designer nucleases 
including Zinc Finger Nuclease (ZNF), Transcription Activator Like 
Effector Nuclease (TALEN) and Clustered Regularly Interspaced 
Short Palindromic Repeats/CRISPR-associated (CRISPR/Cas9) 

[87,88]. Much effort has been devoted to improving and advanc- 
ing therapeutic medicines and drug delivery methodologies, focus- 
ing on specificity and accuracy aspects. Two types of base editors 
(BEs) have been introduced; cytosine base editors (CBEs)-cytidine 
deaminase fused with catalytically impaired Cas9-can effectively 
convert a C-G base pair to a T-A pair. The other one is the ade- 
nine base editors (ABEs)-Cas9 nickase (nCas9), which is able A-T to G-
C conversions [83]. Another new approach is prime editing (PE) 
technique or what so-called “search and replace” genome editing 
method [89]. It mediates targeted insertions, deletions, and all  
possible base-to-base conversions. It can combine different types 
of edits with one another. 

One disadvantage of the AAV vectors is the limited carrying capac- 
ity making them difficult to use for the delivery of TALENs CRISPR 
[5]. To bypass the packing limit obstacle, many procedures have 
been explored, including viral and non-viral vectors [90,95]. In 
general, huge cargoes such as Streptococcus aureus(SpCas9), base 
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editors, and prime editors, containing dead Cas9 (dCas9) along 
with their accessory proteins exceed the ~4.4 kb loading limit of 
AAVs [71]. Scientists have introduced the AAV CRISPR/Cas9 deliv- 
ery method using a version of Cas9 from SpCas9 rather than S. 
pyrogenes (SaCas9). Cargo such as SaCas9 is smaller (about 1 kb 
shorter) compared to SpCas9 [20]. This version of Cas9 is roughly 
70% the size of SpCas9 while retaining the same potent cutting 
capability. The method makes it easier to package into AAV vectors 
[96,97]. It was also reported that LV capsids can be used to pack- 
age SaCas9 mRNA. It was also indicated that the package showed 
an efficient GE strategy [98]. Further, the SpCas9 proteins were 
safely delivered with virus like particles (VLPs) [99]. The VLPs-me- 
diated Cas9 mRNA proved to be more successful than sgRNA de- 
livery [100]. 

The second mechanism to circumvent the packaging issue is by 
using a dual-vector system to deliver GE constituents separately in 
viral [11]. The recently developed VLP-delivery method has proved 
to be efficient and safe in GE. Compared with transferring bacte- 
rially expressed genome editing effectors by electroporation or 
nanoparticles, VLP -mediated mRNA or protein delivery methodol- 
ogy has a series of advantages [100]. The VLPs are easily produced 
with basic equipment. Additionally, compared with electropora- 
tion experiments, VLP-mediated delivery uses much less amount 
of protein offering it greater specificity [100,101]. Unfortunately,  
since Cas9 activity is inhibited by nucleosomes, the low dosage ad- 
vantage of VLP delivery may become a disadvantage when target 
sequences are associated with heterochromatin because a high 
dosage is needed for efficient editing. In addition, VLP-mediated 
RNA transfer is only efficient for Cas9 mRNA but not for sgRNA 
[102,103]. Therefore, new approaches to deliver Cas9 mRNA and 
sgRNA in the same particle will no doubt asset the field [100]. 

The third strategy for evasion of the packaging size limitations 
associated with viral vector to modify or improve the functional  
features of viruses is by non-viral vectors by attaching synthetic 
non-biological components such as polymers and nanoparticles 
[104]. To date, the search for the use of polymers for the delivery 
of GE technologies has been minimal. Therefore, there exists an 
urgent need for a non-viral system to deliver a disruptive platform 
technology such as CRISPR-Cas9 for clinical translation. Several 
workers reported the transfer of CRISPR/Cas9 GE components 
using other nanocomplexes that generally depend on electrostat- 
ic interactions. The non-viral methods have been developed to 
enhance the specificity and safety of viral-mediated GE delivery 
routes. Non-viral physical delivery tools, such as microinjection, 
square wave electroporation technique, cationic-lipid transfec- 
tion, lipid nanoparticles, ligand fusion tags, cell-penetrating pep- 
tides, or AuNPs, and lipid nanoparticles [105]. These approaches 
have been widely used to deliver ZFNs, TALENs, and CRISPR in var- 
ious different cell lines and animal models. The most significant 
advantages these methods bring about are enabling the transient 
nuclease activity, as well as allowing repeated administration of 
gene therapy reagents, despite being less efficient than viral deliv- 
ery methods [65,67,71]. 

There are serious disadvantages to carrying CRISPR/Cas9 compo- 
nents via lipid nanoparticles [36]. First, there are both external and 
internal obstacles that must be considered. Once the nanoparticle 
has traveled through the surface of the cell, it is typically internal- 
ized within an endosome. The endosome contents can very rapidly  
be sent by the cell into the lysosomal pathway, resulting in the 

degradation of all lysosome inclusions. Therefore the cargo has to 
escape the endosome. Naturally, the cell membrane will prevent 
the entrance of large sized molecules such as Cas9 and negative- 
ly charged ones like gRNA [52]. Also, if the Cas9: sgRNA complex 
can skip the endosome pathway, it must also translocate to the 
nucleus, which can also be another potential point of failure. Due 
to this, it is rare to demonstrate particularly high efficiencies when 
CRISPR/Cas9 components are delivered via lipid nanoparticles. 
Besides this, lipid nanoparticles resemble virus particles in that 
the nature and size of the delivery, as well as the target cell type,  
which highly influence transfection efficacy and the kind of lipids 
that are suitable or useful in the system. 

A ‘Nanoclew’ has been developed to deliver CRISPR/Cas9 com- 
ponents. By coating the nanoclew with PEI to induce endosomal 
escape, the modified version proved about 36% efficiency in trans- 
ferring CRISPR/Cas9 RNP with the nanoclew (versus 5% with naked 
Cas9: sgRNA and PEI). This permitted the nanoclew to achieve ef- 
ficiencies on the order of other high efficiency CRISPR/Cas9 deliv- 
ery systems, however, still contains no viral material or any exoge- 
nous components besides repeating DNA and PEI. More testing is 
guaranteed, particularly on the potential immunogenicity of DNA 
nanoclews [36]. 

Recent research has further highlighted additional major vital lim- 
itations in case of regarding viral delivery and repeated gene ther- 
apy that should also be considered is to search for other versions 
of Cas9 that are safe. The conditions influencing delivery efficacy 
include possibilities of integration of the viral vector into the host 
genome, the risk of immunogenicity resulting from the virus itself, 
and/or sustained or high rate of nuclease expression of the Cas9 
protein, increasing the potential for off-target effect [71,106,107]. 
Added to this is the DNA-damage toxicity, for example, ssDNA 
breaks P53 toxic responses related to GE [71,108]. Therefore, care 
must always be taken with LVs and AdVs when using them for GE 
to make the HIV provirus as integration deficient as possible [109]. 
Currently, it is not possible to totally eliminate the possibilities of 
integration into the host. In addition, although measures can be  
taken to make this integration targeted, one cannot ensure that 
the viral payload goes to the same exact site every time. This can 
result in an elevation of expression and off target effects, or even 
potential damage to the cell if the insertion randomly occurs with- 
in an important cellular protein [110]. 

The last available strategy for overcoming the packaging size lim- 
itations is to use specially designed transgenic animal models, 
which can continuously express high levels of Cas9 exclusively in 
the desired tissue [111]. A pioneered research [112] was carried 
out in a mouse model of mucopolysaccharidosis type I, a lysosomal 
storage disease affecting multiple organs, including the heart. The 
results proved the potential of BE strategy using AAV9-mediated in 
utero intravascular delivery of an adenine BE (ABE) to successfully  
correct a nonsense Idua gene mutation. Recently, electroporation 
has been made viable for cardiomyocytes and, thus for ex vivo 
therapy of cardiovascular diseases. However, in vivo electropo- 
ration is more challenging because of the complicated choice of 
parameters and the danger of damaging tissues [57]. The safety of 
designer nucleases can be enhanced by reducing the expression 
rate by transferring the nuclease proteins or RNPs using electro- 
poration, CPPs, cationic lipid, and AuNPs [113]. The Cas12a-me- 
diated GE strategy was employed in a canine model of Duchenne 
muscular dystrophy (DMD) in which the transfer of Cas9: sgRNA 
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was accomplished with AdV by intramuscular injection [114]. Ca- 
s12a-mediated GE was first used in DMD patient-derived iPSCs 
and also in a murine model of the disease. In both models, the 
Cas12a-mediated GE strategy rescued the disease phenotype [90]. 
Lately, scientists succeeded in using the LVLP particles strategy for  
ABE RNP delivery in human cells [96]. They reported minimal RNA 
off-target activities making ABE one step closer to possible thera- 
peutic applications. 

In addition to muscular and cardioediting, several other animal 
models, particularly the mouse ones have been designed to treat 
kidney, liver, and eye inherited diseases, but with varying degrees 
of success. A growing list of outstanding clinical trials is going on 
to use CRISPR/Cas9-based gene therapies for several inherited dis- 
eases and for cancer. Currently, there are more than 60 ongoing 
therapeutic attempts using the CRISPR approach are being tested 
for the treatment of more than 30 different genetic diseases [90], 
as well as certain types of cancer [115-119]. 

One interesting observation was observed, that is the presence of 
less stringent immunologic and physical barriers in the develop- 
ing embryo in comparison to postnatal stages [120]. This makes 
in utero genome editing more attractive for the treatment of ge- 
netic diseases diagnosed before birth [121]. Furthermore, SpCas9 
immune reaction was noticed following postnatal, but not after 
in utero, AdV delivery of SpCas9-based cytosine BEs (CBEs) [122]. 
Zygote electroporation needs the setting of appropriate parame- 
ters that facilitate uptake of Cas9 but also minimize damage to the 
embryo. In the beginning, a first pulse series is given to perforate 
the zona pellucida and the cell membrane of the zygote. After 
that, a second pulse series is applied to deliver the Cas9 mRNA/ 
crRNA or the Cas9-RNP complex directly into the nuclei of mouse 
and rat zygotes [123]. A technique for small volume zygote elec- 
troporation of Cas12a-crRNA RNPs was developed successfully in 
2019 [124]. Researchers demonstrated its use for the induction 
of large gene deletions. However, certain worries were pointed 
out regarding the possibility that the creation of large deletions 
might delete regulatory elements that are not linked to the gene 
of interest. In this case, effects on other genes might affect the 
subsequent phenotype. More refinement was made on the zygote 
electroporation to optimize the transfer of RNP and to ensure zy- 
gote survival [125]. 

In spite of requiring technical experience in dealing with the em- 
bryo during zygote electroporation, microinjection skills are dis- 
pensable, making this technique accessible to a wide range of 
researchers. With modification efficiency reaching 100%, microin- 
jection has provided one way to bypass the technical obstacles fac- 
ing GE in somatic stem cells. Cas9 nucleases in combination with 
targeting vectors have further facilitated gene targeting in mouse 
zygotes by pronuclear microinjection [24,126]. 

In addition, microinjection is not limited by the MW of the cargo, 
which is a significant limiting factor with viral vector delivery sys- 
tems [36]. The technique also has the advantage of putting the 
Cas9 mRNA directly into the cytoplasm, where it can be translated 
by the cell. This method also allows for the controlled delivery of  
known quantities of the cargo, making it desirable for improving 
control over off-target effects [36]. These reports indicate that em- 
bryonic stem cell technology might be replaced by direct design- 
ing of the zygotic genome for gene targeting. Further, a functional 
CRISPR RNPs delivery that is produced in vitro by transcription of 

Cas9 protein and sgRNAs can be microinjected into the zygotes 
or the gonads (ovaries or testes) of parent animals to generate 
mutant individuals [127]. GE using embryos has successfully been 
performed in a variety of animal models [128]. 

Currently, microinjection gives the ‘gold standard’ for delivering  
the CRISPR components into gametes (sperm or unfertilized egg) 
or cleavage stage of the zygote, the so-called “germline genome 
editing”, or “reproductive CRISPR; rCRISPR” [118,129]. This proce- 
dure results in engineered cells that are totipotent, giving rise to 
all somatic and germ cells. Complement is an important compo- 
nent of the innate immune system that is crucial for defense from 
microbial infections and for clearance of immune complexes and 
injured cells. 

It must be emphasized that an increasing number of studies 
have identified striking differences between mouse and human 
pre-implantation development and pluripotency [130]. A new era 
of GE for the treatment of human diseases. In the early trials, it 
was reported that there is a potential for inactivation by the com- 
plement system and monocytes in human circulation, restricting 
gene transfer and promoting vector clearance [131]. This facil- 
itates both efficiency and safety testing and makes them highly 
versatile delivery vehicles [36]. CRISPR GE was tested in a person 
for the first time in 2016 [132]. The first-ever approved phase 1 
clinical trial using the CRISPR tool aimed at cancer immunotherapy 
by editing autologous T cells. In this ex-vivo-based therapy, α and 
β chains are knocked out on endogenous T cell receptors, which  
leads to an immune reaction, and apoptosis protein 1, which at- 
tenuates the immune response. In the last step, the edited genes 
are returned back into the patients using LV as a vector. The gene 
which encodes New York esophageal squamous cell carcinoma-11 
(NY-ESO-1)-specific T cell receptor has been reported to be high- 
ly upregulated in the relapsed tumors [97]. Electroporation was 
employed to deliver plasmid DNA encoding both Cas9 and mRNA 
to create colorectal cancer models from Cas9-engineered human 
intestinal organoids [133], producing an early-onset Alzheimer’s 
disease model in human cells. 

Finally, it is worth mentioning that the first successful human ger- 
mline genome editing has been claimed in what was called CRIS- 
PR’d babies [87,88,118]. However, the ‘He Jiankui affair’ has been 
questioned. The coming future of humankind’s genome editing  
remains unpredictable. The scientific community must always re- 
member the highlights of Venki Ramakrishnan president of the 
Royal Society in his speech AAAS annual meeting in Boston, Sat- 
urday 18 February 2017: “When considering what we can do with  
technology, we also need to consider what we should do [134- 
136]. 

CONCLUSION 
In spite of all the progress that have been made until now, no de- 
livery method has met all needs, including safety, efficiency, easy 
production, and low cost. Therefore, some mechanistic challenges 
still exist to fully realize the potential of gene transfer for different 
applications in GE. One attractive GE delivery system is the CRIS- 
PR/Cas9-derived technology is PE, which is composed of reverse 
transcriptase fused with Cas9n (an RNA-programmable nickase), 
along with a PE guide RNA (pegRNA) .Currently, the PE strategy, in 
comparison with CRISPR BE editing, appears to be accompanied 
by less immunotoxicity, a lower frequency of off-target mutagen- 
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esis . Clinical trials of the CRISPR technology in humans began a 
few years ago before being mastered. We have to admit that PE is 
still in its infancy, and its clinical transformation may not be easily 
achievable in the near future. However, it promises to be superi- 
or to other CRISPR approaches and maybe a major focal point of  
precision therapy in the coming years . Cell delivery techniques 
should be further researched to allow better understanding and 
consequently greater benefits to humankind. If these novel tech- 
nologies prove to be safe and without any unpredictable compli- 
cations, then it is reasonable to believe that the future will witness 
tremendous achievements in the field of GE . We believe that this 
review will attract lots of attention from the scientific community,  
including researchers, clinicians, and the drug industry. 

REFERENCE 
1. Lander ES, Baylis F, Zhang F, Charpentier E, Berg P, et al. (2019) 

Adopt a moratorium on heritable genome editing. Nature 
567(7747): 165–168. 

2. Chong ZX, Yeap SK, Ho WY (2021) Transfection types, methods 
and strategies: A technical review. Peer J 9: e11165. 

3. Mondal J, Revuri V, Hasan MN, Lee YK (2021) Bio inspired 
materials for nonviral vaccine delivery. Woodhead Publishing 
1(1): 139-170. 

4. My I, Di Pasquale E (2021) Genetic cardiomyopathies: The les- 
son learned from hiPSCs. J Clin Med 10:1149. 

5.  Martin F, Sánchez-Hernández S, Gutierrez-Guerrero A, Ben- 
abdellah K (2016) Gene delivery technologies for efficient ge- 
nome editing: Applications in gene therapy. Intechopen 

6. Riedl S, Kaiser P, Raup A, Synatschke C, Jerome V, et al. (2018) 
Non-viral transfection of human T lymphocytes. Processes 
6(188):1-17. 

7. Stepanenko AA, Heng HH (2017) Transient and stable vector 
transfection: Pitfalls, off-target effects, artifacts. Mutat Res 
Rev Mutat Res 773: 91–103. 

8. Fus-Kujawa A, Prus P, Bajdak-Rusinek K, Teper P, Gawron K, et 
al. (2021) An overview of methods and tools for transfection 
of eukaryotic cells in vitro. Front Bioeng Biotechnol 9: 701031. 

9. Peng L, Xiong W, Cai Y, Chen Y, He Y, et al. (2017). A simple, 
rapid method for evaluation of transfection efficiency based 
on fluorescent dye. Bioengineered 8(3): 225-231. 

10. Hasan MM, Ragnarsson L, Cardoso FC, Lewis RJ (2021) Trans- 
fection methods for high-throughput cellular assays of volt- 
age-gated calcium and sodium channels involved in pain. Plos 
one 16(3): e0243645. 

11. O’Keeffe Ahern J, Lara-Sáez I, Zhou D, Murillas R, Bonafont 
J, et al. (2021) Non-viral delivery of CRISPR–Cas9 complexes 
for targeted gene editing via a polymer delivery system. Gene 
Ther 29: 157-170. 

12.  Kwak SY, Han HD, Ahn HJ (2019) A T7 autogene-based hybrid 
mRNA/DNA system for long-term shRNA expression in cyto- 
plasm without inefficient nuclear entry. Sci Rep 9(1): 2293. 

13. Setten RL, Rossi JJ, Han S (2019) The current state and future 
directions of RNAi-based therapeutics. Nat Rev Drug Discov 
18(6): 421-446. 

14. Karda R, Counsell JR, Karbowniczek K, Caproni LJ, Tite JP, et al. 
(2019) Production of lentiviral vectors using novel, enzymati- 
cally produced, linear DNA. Gene Ther 26(3): 86-92. 

15. Bauler M, Roberts JK, Wu CC, Fan B, Ferrara F, et al. (2020) 
Production of lentiviral vectors using suspension cells grown 
in serum-free media. Mol Ther-Methods Clin Dev 17: 58–68. 

16.  Tsukita S, Yamada T, Takahashi K, Munakata Y, Hosaka S, et  
al. (2017) MicroRNAs 106b and 222 improve hyperglycemia 
in a mouse model of insulin-deficient diabetes via pancreatic β-
cell proliferation. EBioMedicine 15:163-172. 

17. Tomas HA, Rodrigues AF, Carrondo MJT, Coroadinha AS (2018) 
LentiPro26: Novel stable cell lines for constitutive lentiviral  
vector production. Sci Rep 8(1): 5271. 

18.  Gharaati-Far N, Tohidkia MR, Dehnad A, Omidi Y (2018) Ef- 
ficiency and cytotoxicity analysis of cationic lipids-mediated 
gene transfection into AGS gastric cancer cells. Artif Cells 
Nanomed Biotechnol 46(5):1001-1008. 

19. Shi B, Xue M, Wang Y, Wang Y, Li D, Zhao X, Li X (2018) An im- 
proved method for increasing the efficiency of gene transfec- 
tion and transduction. Int J Physiol Pathophysiol Pharmacol 
10(2): 95-104. 

20. Wang T, Larcher LM, Ma L, Veedu RN (2018) Systematic 
screening of commonly used commercial transfection re- 
agents towards efficient transfection of single-stranded oligo- 
nucleotides. Molecules 23(10):2564. 

21. Yamamoto E, Niimi K, Kiyono T, Yamamoto T, Nishino K, et al.  
(2017) Establishment and characterization of cell lines de- 
rived from complete hydatidiform mole. Int J Mol Med 40(3): 
614-622. 

22.  Alabdullah AA, Al-Abdulaziz B, Alsalem H, Magrashi A, Puli- 
cat SM, et al. (2019) Estimating transfection efficiency in dif- 
ferentiated and undifferentiated neural cells. BMC Res Notes 
12(1):225. 

23.  Kumar P, Nagarajan A, Uchil PD (2019) DNA transfection me- 
diated by cationic lipid reagents. Cold Spring Harb Protoc 1(3): 
1-10. 

24. Wang B, Li K, Wang A, Reiser M, Saunders T, et al. (2015) High- 
ly efficient CRISPR/HDR-mediated knock-in for mouse embry- 
onic stem cells and zygotes. Biotechniques 59(4): 201-208. 

25. Chopra S, Ruzgys P, Maciulevičius M, Satkauskas S (2020) Ef- 
fect of cell passage time on the electrotransfection efficiency. 
Biol Bull Russ Acad Sci 47: 441-447. 

26. Sork H, Nordin JZ, Turunen JJ, Wiklander OPB, Bestas B, et al.  
(2016) Lipid-based transfection reagents exhibit cryo-induced 
increase in transfection efficiency. Mol Ther Nucleic Acids 
5(3):e290. 

27. Kang HC, Cho H, Bae YH (2015) DNA polyplexes as combinato- 
ry drug carriers of doxorubicin and cisplatin: An in vitro study. 
Mol Pharm 128: 2845-2857. 

28. Mitchenall LA, Hipkin RE, Piperakis MM, Burton NP, et al. 
(2018) A rapid high-resolution method for resolving DNA to- 
poisomers. BMC Res Notes 11(1): 37. 

29. Hornstein BD, Roman D, Arévalo-Soliz LM, Engevik MA, et 

https://www.nature.com/articles/d41586-019-00726-5
https://peerj.com/articles/11165/
https://peerj.com/articles/11165/
https://www.sciencedirect.com/science/article/pii/B9780128213520000058?via%3Dihub
https://www.sciencedirect.com/science/article/pii/B9780128213520000058?via%3Dihub
https://www.mdpi.com/2077-0383/10/5/1149
https://www.mdpi.com/2077-0383/10/5/1149
https://www.intechopen.com/chapters/50590
https://www.intechopen.com/chapters/50590
https://www.mdpi.com/2227-9717/6/10/188
https://www.sciencedirect.com/science/article/abs/pii/S1383574216300357?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1383574216300357?via%3Dihub
https://www.frontiersin.org/articles/10.3389/fbioe.2021.701031/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.701031/full
https://www.tandfonline.com/doi/full/10.1080/21655979.2016.1222995
https://www.tandfonline.com/doi/full/10.1080/21655979.2016.1222995
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0243645
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0243645
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0243645
https://www.nature.com/articles/s41434-021-00282-6
https://www.nature.com/articles/s41434-021-00282-6
https://www.nature.com/articles/s41598-019-39407-8
https://www.nature.com/articles/s41598-019-39407-8
https://www.nature.com/articles/s41573-019-0017-4
https://www.nature.com/articles/s41573-019-0017-4
https://www.nature.com/articles/s41434-018-0056-1
https://www.nature.com/articles/s41434-018-0056-1
https://linkinghub.elsevier.com/retrieve/pii/S2329050119301366
https://linkinghub.elsevier.com/retrieve/pii/S2329050119301366
file:///C:/Users/omics/Desktop/MicroRNAs%20106b%20and%20222%20improve%20hyperglycemia%20in%20a%20mouse%20model%20of%20insulin-deficient%20diabetes%20via%20pancreatic%20β-cell%20proliferation
file:///C:/Users/omics/Desktop/MicroRNAs%20106b%20and%20222%20improve%20hyperglycemia%20in%20a%20mouse%20model%20of%20insulin-deficient%20diabetes%20via%20pancreatic%20β-cell%20proliferation
file:///C:/Users/omics/Desktop/MicroRNAs%20106b%20and%20222%20improve%20hyperglycemia%20in%20a%20mouse%20model%20of%20insulin-deficient%20diabetes%20via%20pancreatic%20β-cell%20proliferation
https://www.nature.com/articles/s41598-018-23593-y
https://www.nature.com/articles/s41598-018-23593-y
https://www.tandfonline.com/doi/full/10.1080/21691401.2017.1355311
https://www.tandfonline.com/doi/full/10.1080/21691401.2017.1355311
https://www.tandfonline.com/doi/full/10.1080/21691401.2017.1355311
https://www.tandfonline.com/doi/full/10.1080/21691401.2017.1355311
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5943608/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5943608/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5943608/
https://www.mdpi.com/1420-3049/23/10/2564
https://www.mdpi.com/1420-3049/23/10/2564
file:///C:/Users/omics/Desktop/Establishment%20and%20characterization%20of%20cell%20lines%20derived%20from%20complete%20hydatidiform%20mole
file:///C:/Users/omics/Desktop/Establishment%20and%20characterization%20of%20cell%20lines%20derived%20from%20complete%20hydatidiform%20mole
http://cshprotocols.cshlp.org/content/2019/3/pdb.prot095414
http://cshprotocols.cshlp.org/content/2019/3/pdb.prot095414
http://cshprotocols.cshlp.org/content/2019/3/pdb.prot095414
http://cshprotocols.cshlp.org/content/2019/3/pdb.prot095414
http://cshprotocols.cshlp.org/content/2019/3/pdb.prot095414
https://www.future-science.com/doi/10.2144/000114339
https://www.future-science.com/doi/10.2144/000114339
https://link.springer.com/article/10.1134/S1062359020550014
https://link.springer.com/article/10.1134/S1062359020550014
https://www.cell.com/molecular-therapy-family/nucleic-acids/fulltext/S2162-2531(17)30109-9?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2162253117301099%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/nucleic-acids/fulltext/S2162-2531(17)30109-9?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2162253117301099%3Fshowall%3Dtrue
https://pubs.acs.org/doi/10.1021/mp500873k
https://pubs.acs.org/doi/10.1021/mp500873k
https://bmcresnotes.biomedcentral.com/articles/10.1186/s13104-018-3147-6
https://bmcresnotes.biomedcentral.com/articles/10.1186/s13104-018-3147-6


Khalil AM 
Page 35 

Volume 09 • Issue 04 • 60 

 

 

al. (2016) Effects of circular DNA length on transfection ef- 
ficiency by electroporation into HeLa cells. Plos One 11(12): 
e0167537. 

30. Hardee CL, Arévalo-Soliz LM, Hornstein BD, Zechiedrich L 
(2017) Advances in non-viral DNA vectors for gene therapy. 
Genes 8(2): 65. 

31.  Ylosmaki L, Polini B, Carpi S, Martins B, SmertinaE, et al. 
(2019) Harnessing therapeutic viruses as a delivery vehicle for 
RNA-based therapy. Plos One 14(10): e0224072. 

32. Nowakowski A, Andrzejewska A, Boltze J, Nitzsche F, Cui L, 
et al. (2017) Translation, but not transfection limits clinically 
relevant, exogenous mRNA based induction of alpha-4 inte- 
grin expression on human mesenchymal stem cells. Sci Rep 
7(1):1103. 

33. Sherba JJ, Hogquist S, Lin H, Shan JW, Shreiber DI, et al. (2020) 
The effects of electroporation buffer composition on cell via- 
bility and electro-transfection efficiency. Sci Rep 10(1): 3053. 

34.  Sizikov AA, Kharlamova MV, Nikitin MP, Nikitin PI, Kolychev 
EL (2021) Nonviral locally injected magnetic vectors for in vivo 
gene delivery: A review of studies on magnetofection. Nano- 
materials (Basel) 11(5):1078. 

35. Lino CA, Harper JC, Carney JP, Timlin JA (2018) Delivering 
CRISPR: A review of the challenges and approaches. Drug De- 
liv 25(1): 1234-1257. 

36. Filipczak N, Pan J, Yalamarty SSK, Torchilin VP (2020) Recent 
advancements in liposome technology. Adv Drug Deliv Rev 
156: 4-22. 

37. Krajewska JB, Bartoszek A, Fichna J (2019) New trends in lipo- 
some-based drug delivery in colorectal cancer. Mini Rev Med 
Chem 19(1): 3-11. 

38. Sang R, Stratton B, Engel A, Deng W (2021) Liposome technol- 
ogies towards colorectal cancer therapeutics. Acta Biomater 
127: 24-40. 

39. Xiao D, Zhou R (2021) Advances in the application of liposo- 
mal nanosystems in anticancer therapy. Curr Stem Cell Res 
Ther 16(1): 14-22. 

40. Yang B, Song BP, Shankar S, Guller A, et al. (2021) Recent ad- 
vances in liposome formulations for breast cancer therapeu- 
tics. Cell Mol Life Sci 78(13): 5225-5243. 

41. Tan S, Tao Z, Loo S, Su L, Chen X, et al. (2019) Non-viral vec- 
tor based gene transfection with human induced pluripotent 
stem cells derived cardiomyocytes. Sci Rep 9(1): 14404. 

42. Petrilli R, Eloy JO, de Souza MC, Palma J, Barcellos A, et al. 
(2016) Lipid nanoparticles as non-viral vectors for siRNA de- 
livery: Concepts and applications. 

43.  Guo L, Wang L, Yang R, Ruia F, Zhongguanga L, et al. (2017) 
Optimizing conditions for calcium phosphate mediated tran- 
sient transfection. Saudi J Biol Sci 24(3): 622-629. 

44.  Patil S, Gao YG, Lin X, Li Y, Dang K, et al. (2019) The develop- 
ment of functional non-viral vectors for gene delivery. Int J 
mol Sci 20(21): 5491. 

45. Ponti F, Campolungo M, Melchiori C, Bono N, et al. (2021) Cat- 

ionic lipids for gene delivery: Many players, one goal. Chem 
Phys Lipids 235: 105032. 

46. Gorzkiewicz M, Kopeć O, Janaszewska A, Konopka M, Pedzi- 
wiatr-Werbicka E, et al. (2020) Poly (lysine) dendrimers form 
complexes with siRNA and provide its efficient uptake by my- 
eloid cells: Model studies for therapeutic nucleic acid deliv- 
ery. Int J Mol Sci 21(9): 3138. 

47. . Ji M, Li P, Sheng N, Liu L, Pan H, et al. (2016) Sialic acid-target- 
ed nanovectors with phenylboronic acid-grafted polyethyleni- 
mine robustly enhance siRNA-based cancer therapy. ACS Appl 
Mater Interfaces 8(15): 9565-9576. 

48. Raja MM, Lim PQ, Wong, YS, Xiong GM, Zhang Y, et al. (2019) 
Polymeric nanomaterials: Methods of preparation and char- 
acterization. Nanosci. Nanotechnol Drug Deliv18(1): 557-653. 

49. Mohapatra SS, Ranjan S, Dasgupta N, Mishra RK, et al. (2018) 
Micro and nano technologies, nanocarriers for drug delivery. 
Elsevier 

50.  Ding GB, Meng X, Yang P, Li B, Stauber RH, et al. (2020) Inte- 
gration of plylactide into polyethylenimine facilitates the safe 
and effective intracellular siRNA delivery. Polymers (Basel) 
12(2): 445. 

51. Du X, Wang J, Zhou Q, Zhang L, Wang S, et al. (2018) Advanced 
physical techniques for gene delivery based on membrane 
perforation. Drug Deliv 25(1):1516–1525. 

52.  Glass Z, Lee M, Li Y, Xu Q (2018) Engineering the delivery 
system for CRISPR-based genome editing. Trends Biotechnol. 
36(2): 173–185. 

53. Yang H, Wu Z (2018) Genome editing of pigs for agriculture 
and biomedicine. Front Genet. 9: 360. 

54. Meng L, Liu X, Wang Y, Zhang W, Zhou W, et al. (2019) So- 
noporation of cells by a parallel stable cavitation microbubble 
array. Adv Sci 6(17): 1–17. 

55. Chow YT, Chen S, Wang R, Liu C, Kong CW, et al. (2016) Single 
cell transfection through precise microinjection with quanti- 
tatively controlled injection volumes. Sci Rep 6(1): 24127. 

56.  Hryhorowicz M, Lipiński D, Hryhorowicz S, Nowak-Terpiłows- 
ka A, Ryczek N, et al. (2020) Application of genetically engi- 
neered pigs in biomedical research. Genes 11: 670. 

57. Schreurs J, Sacchetto C, Colpaert RMW, Vitiello L, Rampazzo A, 
et al. (2021) Recent advances in CRISPR/Cas9-based genome 
editing tools for cardiac diseases. Int J Mol Sci 22: 10985. 

58. Canoy RJ, André F, Shmakova A, Wiels J, Lipinski M, et al. 
(2020) Easy and robust electrotransfection protocol for effi- 
cient ectopic gene expression and genome editing in human 
B cells. Gene Ther. 

59. Houthaeve G, De Smedt SC, Braeckmans K, De Voset WH 
(2022) The cellular response to plasma membrane disruption 
for nanomaterial delivery. Nano Convergence. 9: 6. 

60. Potter H, Heller R (2018) Transfection by electroporation. Curr 
Protoc Mol Biol. 121: 9.3.1-9.3.13. 

61. Ozyigit II, Yucebilgili KK (2020) Particle bombardment technol- 
ogy and its applications in plants. Mol Biol Rep 47(12): 9831- 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0167537
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0167537
https://www.mdpi.com/2073-4425/8/2/65
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0224072
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0224072
https://www.nature.com/articles/s41598-017-01304-3
https://www.nature.com/articles/s41598-017-01304-3
https://www.nature.com/articles/s41598-017-01304-3
https://www.nature.com/articles/s41598-020-59790-x
https://www.nature.com/articles/s41598-020-59790-x
https://www.mdpi.com/2079-4991/11/5/1078
https://www.mdpi.com/2079-4991/11/5/1078
https://www.tandfonline.com/doi/full/10.1080/10717544.2018.1474964
https://www.tandfonline.com/doi/full/10.1080/10717544.2018.1474964
https://www.sciencedirect.com/science/article/pii/S0169409X20300685?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0169409X20300685?via%3Dihub
http://www.eurekaselect.com/article/92778
http://www.eurekaselect.com/article/92778
http://www.eurekaselect.com/article/92778
https://www.sciencedirect.com/science/article/abs/pii/S1742706121002051?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1742706121002051?via%3Dihub
https://www.eurekaselect.com/article/106038
https://www.eurekaselect.com/article/106038
https://link.springer.com/article/10.1007/s00018-021-03850-6
https://link.springer.com/article/10.1007/s00018-021-03850-6
https://www.nature.com/articles/s41598-019-50980-w
https://www.nature.com/articles/s41598-019-50980-w
https://www.nature.com/articles/s41598-019-50980-w
https://www.sciencedirect.com/science/article/pii/B9780323428668000034
https://www.sciencedirect.com/science/article/pii/B9780323428668000034
https://www.sciencedirect.com/science/article/pii/S1319562X17300438?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1319562X17300438?via%3Dihub
https://www.mdpi.com/1422-0067/20/21/5491
https://www.mdpi.com/1422-0067/20/21/5491
https://www.mdpi.com/1422-0067/20/21/5491
https://www.sciencedirect.com/science/article/abs/pii/S0009308420301638?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0009308420301638?via%3Dihub
https://www.mdpi.com/1422-0067/21/9/3138
https://www.mdpi.com/1422-0067/21/9/3138
https://www.mdpi.com/1422-0067/21/9/3138
https://pubs.acs.org/doi/10.1021/acsami.5b11866
https://pubs.acs.org/doi/10.1021/acsami.5b11866
https://pubs.acs.org/doi/10.1021/acsami.5b11866
https://www.sciencedirect.com/science/article/pii/B9780128140338000187
https://www.sciencedirect.com/science/article/pii/B9780128140338000187
https://www.elsevier.com/books/nanocarriers-for-drug-delivery/mohapatra/978-0-12-814033-8
https://www.mdpi.com/2073-4360/12/2/445
https://www.mdpi.com/2073-4360/12/2/445
https://www.mdpi.com/2073-4360/12/2/445
https://pubmed.ncbi.nlm.nih.gov/29968512/
https://pubmed.ncbi.nlm.nih.gov/29968512/
https://pubmed.ncbi.nlm.nih.gov/29305085/
https://pubmed.ncbi.nlm.nih.gov/29305085/
https://pubmed.ncbi.nlm.nih.gov/29305085/
https://pubmed.ncbi.nlm.nih.gov/30233645/
https://pubmed.ncbi.nlm.nih.gov/30233645/
https://pubmed.ncbi.nlm.nih.gov/31508275/
https://pubmed.ncbi.nlm.nih.gov/31508275/
https://pubmed.ncbi.nlm.nih.gov/27067121/
https://pubmed.ncbi.nlm.nih.gov/27067121/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7349405/#%3A~%3Atext%3DA%20slightly%20different%20direction%20of%2Cdiseases%2C%20neoplasms%2C%20and%20diabetes
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7349405/#%3A~%3Atext%3DA%20slightly%20different%20direction%20of%2Cdiseases%2C%20neoplasms%2C%20and%20diabetes
https://pubmed.ncbi.nlm.nih.gov/34681646/
https://pubmed.ncbi.nlm.nih.gov/34681646/
https://pubmed.ncbi.nlm.nih.gov/32999452/
https://pubmed.ncbi.nlm.nih.gov/32999452/
https://pubmed.ncbi.nlm.nih.gov/35103909/
https://pubmed.ncbi.nlm.nih.gov/35103909/
https://pubmed.ncbi.nlm.nih.gov/29337375/
https://pubmed.ncbi.nlm.nih.gov/33222118/
https://pubmed.ncbi.nlm.nih.gov/33222118/


Khalil AM 
Page 36 

Volume 09 • Issue 04 • 60 

 

 

9847. 

62. Pylaev T, Vanzha E, Avdeeva E, Khlebtsov B, Khlebtsov N, et 
al. (2019) A novel cell transfection platform based on laser 
optoporation mediated by Au nanostar layers. J Biophotonics. 
12(1):e201800166. 

63. Pinnapireddy SR, El Assy MR, Schlote P, Bakowsky U (2019) 
Glycosylated artificial virus-like hybrid vectors for advanced 
gene delivery. Polymers 11(2): 243. 

64. Zu H, Gao D (2021) Non-viral vectors in gene therapy: Recent 
development, challenges and prospects. The AAPS J 23(4):78. 

65.  Fajrial AK, He QQ, Wirusanti NI, Slansky JE, Ding X, et al. 
(2020) A review of emerging physical transfection methods 
for CRISPR/Cas9-mediated gene editing. Theranostics 10(12): 
5532–5549. 

66. Ghosh A, Gouda S, Kerry RG, Das G, Patra JK, et al. (2020) Vi- 
ral and nonviral drug delivery systems for medical health are: 
An overview. In: Patra J, Fraceto L, Das G, Campos E, editors. 
Green Nanoparticles. Nanotechnology in the life sciences. 
Springer, Cham. 

67.  Hirakawa MP, Krishnakumar R, Timlin JA, Carney JP, Butler 
KS, et al. (2020) Gene editing and CRISPR in the clinic: Current 
and future perspectives. Biosci Rep. 40(4): BSR20200127. 

68.  Faneca H (2021) Non-viral gene delivery systems. Pharma- 
ceutics. 13(4):446. 

69. Mahmoud LM, Kaur P, Stanton D, Grosser JW, Dutt M, et al.  
(2022) A cationic lipid mediated CRISPR/Cas9 technique for 
the production of stable genome edited citrus plants. Plant 
Methods 18(1): 33. 

70. Li L, Xu C, Zhang W, Secundo F, Li C, et al. (2019) Cargo-com- 
patible encapsulation in virus-based nanoparticles. Nano Lett. 
19(4): 2700-2706. 

71. Van HJ, Li J, Scheideler OJ, Murthy N, Schaffer DV, et al. (2020) 
The delivery challenge: Fulfilling the promise of therapeutic 
genome editing. Nat Biotechnol. 38: 845-855. 

72. Lebrón JA, Ostos FJ, López LM, Moyá ML, Sales C, et al. (2020) 
Metallo-liposomes of ruthenium used as promising vectors of 
genetic material. Pharmaceutics. 2(5): 482. 

73.  Zhao Y, Zhao T, Du Y, Cao Y, Xuan Y, et al. (2020) Interaction 
kinetics of peptide lipids-mediated gene delivery. J Nanobio- 
technol. 18(1): 1-4. 

74. Aroui S, Kenani A (2020) Cell-penetrating peptides: A Chal- 
lenge for drug delivery Cheminformatics and its applications. 
IntechOpen 

75. Pescina S, Ostacolo C, Gomez-Monterrey IM, Sala M, Bertami- 
no A, et al. (2018) Cell penetrating peptides in ocular drug 
delivery: State of the art. J Control Release. 284: 84-102. 

76.  Lönn P, Dowdy SF (2015) Cationic PTD/CPP-mediated macro- 
molecular delivery: Charging into the cell. Expert Opin Drug 
Deliv. 12(10):1627-1636. 

77.  Xiao Q, Dong X, Yang F, Zhou S, Xiang M, et al. (2021) Engi- 
neered cell-penetrating peptides for mitochondrion-targeted 
drug delivery in cancer therapy. Chem Eur J 27(59):14721- 

14729. 

78. Sun W, Ji W, Hall JM, Hu Q, Wang C, et al. (2015) Self-assem- 
bled DNA nanoclews for the efficient delivery of CRISPR-Cas9 
for genome editing. Angew Chem Int Ed Engl. 54:12029–2033. 

79. Ruan W, Zheng M, An Y, Liu Y, Lovejoy DB, et al. (2018) DNA 
nanoclew templated spherical nucleic acids for siRNA deliv- 
ery. Chem Commun (Camb) 54(29): 3609-3612. 

80. Bai X, Wang Y, Song Z, Feng Y, Chen Y, et al. (2020) The basic 
properties of gold nanoparticles and their applications in tu- 
mor diagnosis and treatment. Int J Mol Sci 21(7):2480. 

81.  Farooq MU, Novosad V, Rozhkova EA, Wali H, Ali A, et al. 
(2018) Gold nanoparticles-enabled efficient dual delivery of 
anticancer therapeutics to HeLa Cells. Sci Rep 8: 2907. 

82. Nam NH, Luong NH (2019) Nanoparticles: Synthesis and ap- 
plications. Materials for biomedical engineering. Elsevier. pp. 
211-240. 

83.  Liu ZY, Wang JQ, Ashby CR, Zeng L, Fan YF, et al. (2021) Gold 
nanoparticles: Synthesis, physiochemical properties and ther- 
apeutic applications in cancer. Drug Discov Today 26 (5):1284- 
1292. 

84. Lee K, Conboy M, Park HM, Jiang F, Kim HJ, et al. (2017) 
Nanoparticle delivery of Cas9 ribonucleoprotein and do- 
nor DNA in vivo induces homology-directed DNA repair. Nat 
Biomed Eng 1: 889–901. 

85.  Marquez LLI, Yuen EC, McCray PB Jr (2019) Lentiviral vectors 
for the treatment and prevention of cystic fibrosis lung dis- 
ease. Genes 10(3): 218. 

86. Hidayah N, Salsabila YA, Solikhah FK, Mahmudah RL (2021) 
Potential CRISPR-Cas9 associated vector lentivirus for CCR5 
gene silencing on CD34+ hematopoetic cells intermediate 
HIV-1 resistance. J Hunan Univ Nat Sci 48(2): 68-77. 

87. Greely HT (2019) CRISPR’d babies: Human germline genome 
editing in the ‘He Jiankui affair’. J Law Biosci 6(1): 111–83. 

88. Khalil AM (2020) The genome editing revolution: Review. J 
Genet Eng Biotechnol.18:68. 

89. Chow RD, Chen JS, Shen J, Chen S (2021) A web tool for the de- 
sign of prime editing guide RNAs. Nat Biomed Eng 5:190–194. 

90. Vicente MM, Chaves-Ferreira M, Jorge JMP, Proença JT, M. 
Barreto VM, et al. (2021) The off-targets of clustered regularly 
interspaced short palindromic repeats gene editing. Front Cell 
Dev Biol. 9:718466. 

91.  Chakraborty S (2019) Sequencing data from Massachusetts 
general hospital shows Cas9 integration into the genome, 
highlighting a serious hazard in gene-editing therapeutics. 
F1000Res 8:1846. 

92. Kantor A, McClements ME, MacLaren RE (2020) CRISPR-Cas9 
DNA base-editing and prime-editing. Int J Mol Sci 21:6240. 

93. Justiz VAA, Gulick PG (2021) HIV disease current practice. 
StatPearls 

94. Liu C, Zhang L, Liu H, Cheng K (2017) Delivery strategies of 
the CRISPR-Cas9 gene-editing system for therapeutic applica- 
tions. J Control Release 266:17-26. 

https://pubmed.ncbi.nlm.nih.gov/30203552/
https://pubmed.ncbi.nlm.nih.gov/30203552/
https://pubmed.ncbi.nlm.nih.gov/30960227/
https://pubmed.ncbi.nlm.nih.gov/30960227/
https://pubmed.ncbi.nlm.nih.gov/34076797/
https://pubmed.ncbi.nlm.nih.gov/34076797/
https://pubmed.ncbi.nlm.nih.gov/32373229/
https://pubmed.ncbi.nlm.nih.gov/32373229/
https://jnanobiotechnology.biomedcentral.com/articles/10.1186/s12951-018-0392-8
https://jnanobiotechnology.biomedcentral.com/articles/10.1186/s12951-018-0392-8
https://jnanobiotechnology.biomedcentral.com/articles/10.1186/s12951-018-0392-8
https://pubmed.ncbi.nlm.nih.gov/32207531/
https://pubmed.ncbi.nlm.nih.gov/32207531/
https://pubmed.ncbi.nlm.nih.gov/29442038/
https://pubmed.ncbi.nlm.nih.gov/29442038/
https://pubmed.ncbi.nlm.nih.gov/35303912/
https://pubmed.ncbi.nlm.nih.gov/35303912/
https://pubmed.ncbi.nlm.nih.gov/30895793/
https://pubmed.ncbi.nlm.nih.gov/30895793/
https://pubmed.ncbi.nlm.nih.gov/32601435/
https://pubmed.ncbi.nlm.nih.gov/32601435/
https://pubmed.ncbi.nlm.nih.gov/32466339/
https://pubmed.ncbi.nlm.nih.gov/32466339/
https://pubmed.ncbi.nlm.nih.gov/33069258/
https://pubmed.ncbi.nlm.nih.gov/33069258/
file:///C:/https:/www.intechopen.com/chapters/71466
file:///C:/https:/www.intechopen.com/chapters/71466
https://pubmed.ncbi.nlm.nih.gov/29913221/
https://pubmed.ncbi.nlm.nih.gov/29913221/
https://pubmed.ncbi.nlm.nih.gov/25994800/
https://pubmed.ncbi.nlm.nih.gov/25994800/
https://pubmed.ncbi.nlm.nih.gov/25994800/
https://pubmed.ncbi.nlm.nih.gov/34436802/
https://pubmed.ncbi.nlm.nih.gov/34436802/
https://pubmed.ncbi.nlm.nih.gov/26310292/
https://pubmed.ncbi.nlm.nih.gov/26310292/
https://pubmed.ncbi.nlm.nih.gov/26310292/
https://pubmed.ncbi.nlm.nih.gov/29570195/
https://pubmed.ncbi.nlm.nih.gov/29570195/
https://pubmed.ncbi.nlm.nih.gov/32260051/
https://pubmed.ncbi.nlm.nih.gov/32260051/
https://pubmed.ncbi.nlm.nih.gov/32260051/
https://pubmed.ncbi.nlm.nih.gov/29440698/
https://pubmed.ncbi.nlm.nih.gov/29440698/
https://pubmed.ncbi.nlm.nih.gov/24937409/
https://pubmed.ncbi.nlm.nih.gov/33549529/
https://pubmed.ncbi.nlm.nih.gov/33549529/
https://pubmed.ncbi.nlm.nih.gov/29805845/
https://pubmed.ncbi.nlm.nih.gov/29805845/
https://pubmed.ncbi.nlm.nih.gov/29805845/
https://pubmed.ncbi.nlm.nih.gov/30875857/
https://pubmed.ncbi.nlm.nih.gov/30875857/
http://jonuns.com/index.php/journal/article/view/520
http://jonuns.com/index.php/journal/article/view/520
https://pubmed.ncbi.nlm.nih.gov/31666967/
https://pubmed.ncbi.nlm.nih.gov/31666967/
https://pubmed.ncbi.nlm.nih.gov/33123803/
https://pubmed.ncbi.nlm.nih.gov/32989284/
https://pubmed.ncbi.nlm.nih.gov/32989284/
https://pubmed.ncbi.nlm.nih.gov/34604217/
https://pubmed.ncbi.nlm.nih.gov/34604217/
https://f1000research.com/articles/8-1846
https://f1000research.com/articles/8-1846
https://f1000research.com/articles/8-1846
https://www.mdpi.com/1422-0067/21/17/6240
https://www.mdpi.com/1422-0067/21/17/6240
https://pubmed.ncbi.nlm.nih.gov/30521281/
https://www.sciencedirect.com/science/article/abs/pii/S0168365917308453?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0168365917308453?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0168365917308453?via%3Dihub


Khalil AM 
Page 37 

Volume 09 • Issue 04 • 60 

 

 

95. Sahoo S, Kariya T, Ishikawa K (2021) Targeted delivery of ther- 
apeutic agents to the heart. Nat Rev Cardiol 18:389-399. 

96.  Levy JM, Yeh WH, Pendse N, Davis JR, Hennessey E, et al. 
(2020) Cytosine and adenine base editing of the brain, liver, 
retina, heart and skeletal muscle of mice via adeno-associat- 
ed viruses. Nat Biomed Eng 4:97-110. 

97. Uddin F, Rudin CM, Sen T (2020) CRISPR gene therapy: Ap- 
plications, limitations, and implications for the future. Front 
Oncol 10(7):1387. 

98. Lu B, Javidi PP, Makani V, Mehraein GF, Sarhan WM, et al. 
(2019) Delivering SaCas9 mRNA by lentivirus-like bionanopar- 
ticles for transient expression and efficient genome editing. 
Nucleic Acids Res 47:e44. 

99.  Choi JG, Dang Y, Abraham S, Ma H, Zhang J, et al. (2016) Len- 
tivirus pre-packed with cas9 protein for safer gene editing. 
Gene Ther 23:627-633. 

100. Lyu P, Lu Z, Cho SI, Yadav M, Yoo KW, et al. (2021) Adenine 
base editor ribonucleoproteins delivered by lentivirus-like 
particles show high on-target base editing and undetectable 
RNA off-target activities. CRISPR J 4(1):69-81. 

101. Lu Z, Yao X, Lyu P, Yadav M, Yoo K, et al. (2021) Lentiviral cap- 
sid-mediated Streptococcus pyogenes cas9 ribonucleoprotein 
delivery for efficient and safe multiplex genome editing. CRIS- 
PR J 4(6):914-928. 

102. Horlbeck MA, Witkowsky LB, Guglielmi B, Replogle JM, Gilbert 
LA, et al. (2016) Nucleosomes impede cas9 access to DNA in 
vivo and in vitro. Elife 5:e12677. 

103. Isaac RS, Jiang F, Doudna JA, Lim WA, Narlikar GJ, et al. (2016) 
Nucleosome breathing and remodeling constrain crispr-cas9 
function. Elife 5:e13450. 

104. He X, Urip BA, Zhang Z, Ngan CC, Feng B (2021) Evolving 
AAV-delivered therapeutics towards ultimate cures. J Mol 
Med 99: 593-617. 

105. Zuris JA, Thompson DB, Shu Y, Guilinger JP, Bessen JL, et al. 
(2015) Cationic lipid-mediated delivery of proteins enables 
efficient protein-based genome editing in vitro and in vivo. 
Nat Biotechnol 33:73-80. 

106. Charlesworth CT, Deshpande PS, Dever DP, Camarena J, 
Lemgart VT, et al. (2019) Identification of pre-existing adap- 
tive immunity to Cas9 proteins in humans. Nat Med 25:249- 
254. 

107. Khan SH (2019) Genome-editing technologies: Concept, pros, 
and cons of various genome-editing techniques and bioethi- 
cal concerns for clinical application. Molecular Therapy Nucle- 
ic Acids 16:326-334. 

108. Kosicki M, Tomberg K, Bradley A (2018) Repair of dou- 
ble-strand breaks induced by CRISPR-Cas9 leads to large de- 
letions and complex rearrangements. Nat Biotechnol 36: 765- 
771. 

109. Chen X, Goncalves MA (2016) Engineered viruses as genome 
editing devices. Mol Ther 24: 447-457. 

110. Papapetrou EP, Schambach A (2016) Gene insertion into ge- 
nomic safe harbors for human gene therapy. Mol Ther 24: 

678-684. 

111. Carroll KJ, Makarewich CA, McAnally J, Anderson DM, Zen- 
tilin L, et al. (2015) A mouse model for adult cardiac-specific 
gene deletion with CRISPR/Cas9. Proc Natl Acad Sci USA 113: 
338-343. 

112. Bose SK, White BM, Kashyap MV, Kashyap MV, Dave A, et 
al. (2021) In utero adenine base editing corrects multi-organ 
pathology in a lethal lysosomal storage disease. Nat Commun 
129(1): 4291. 

113. Hu X, Zhang Y, Ding T, Liu J, Zhao H (2020) Multifunctional gold 
nanoparticles: A novel nanomaterial for various medical ap- 
plications and biological activities. Front Bioeng Biotechnol 8: 
990. 

114. Amoasii L, Hildyard J, Li H, Sanchez-Ortiz E, Mireault A, et 
al. (2018). Gene editing restores dystrophin expression in a 
canine model of Duchenne muscular dystrophy. Science 362: 
86-91. 

115. Cruz NM, Freedman BS (2018) CRISPR gene editing in the kid- 
ney. Am J Kidney Dis 71(6): 874-883. 

116. Trevisan M, Masi G, Palù G (2020) Genome editing technolo- 
gies to treat rare liver diseases. Transl Gastroenterol Hepatol 
5: 23. 

117. Jang H, Jo DH, Cho CS, Shin JH, Seo JH, et al. (2021) Applica- 
tion of prime editing to the correction of mutations and phe- 
notypes in adult mice with liver and eye diseases. Nat Biomed 
Eng 6(2): 181-194. 

118. Eissenberg JC (2021) In our image: The Ethics of CRISPR ge- 
nome editing. BioMol Concepts 12: 1- 

119. Stadtmauer EA, Fraietta JA, Davis MM, Cohen AD, Weber KL, 
et al. (2020) CRISPR-engineered T cells in patients with refrac- 
tory cancer. Science 367(6481):eaba7365. 

120. Hill MA (2021) Embryology main page. 

121. Rossidis AC, Stratigis JD, Chadwick AC, Hartman HA, Ahn NJ, 
et al. (2018) In utero CRISPR-mediated therapeutic editing of 
metabolic genes. Nat Med 24:1513–1518. 

122. Matsoukas IG (2020) Prime editing: Genome editing for rare 
genetic diseases without double-strand breaks or donor DNA. 
Front Genet 11: 528. 

123. Troder SE, Ebert LK, Butt L, Assenmacher S, Schermer B, et 
al. (2018)An optimized electroporation approach for efficient 
CRISPR/Cas9 genome editing in murine zygotes. PLOS One 
13(5):e0196891. 

124. Dumeau CE, Monfort A, Kissling L, Swarts DC, Jinek M (2019) 
Introducing gene deletions by mouse zygote electroporation 
of Cas12a/Cpf1. Transgenic Res. 28 (5–6): 525–535. 

125. Alghadban S, Bouchareb A, Hinch R, Hernandez-Pliego P, Biggs 
D, et al. (2020) Electroporation and genetic supply of Cas9 in- 
crease the generation efficiency of CRISPR/Cas9 knock-in al- 
leles in C57BL/6J mouse zygotes. Sci Rep 10: 17912. 

126. Jung CJ, Zhang J, Trenchard E, Lloyd KC, West DB, et al. (2017) 
Efficient gene targeting in mouse zygotes mediated by CRIS- 
PR/Cas9-protein. Transgenic Res 26: 263–277. 

https://www.nature.com/articles/s41569-020-00499-9
https://www.nature.com/articles/s41569-020-00499-9
https://www.nature.com/articles/s41551-019-0501-5
https://www.nature.com/articles/s41551-019-0501-5
https://www.frontiersin.org/articles/10.3389/fonc.2020.01387/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.01387/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.01387/full
https://academic.oup.com/nar/article/47/8/e44/5316732?login=false
https://academic.oup.com/nar/article/47/8/e44/5316732?login=false
https://www.nature.com/articles/gt201627
https://www.nature.com/articles/gt201627
https://www.nature.com/articles/gt201627
https://www.liebertpub.com/doi/10.1089/crispr.2020.0095?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%2B%2B0pubmed
https://www.liebertpub.com/doi/10.1089/crispr.2020.0095?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%2B%2B0pubmed
https://www.liebertpub.com/doi/10.1089/crispr.2020.0106?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.liebertpub.com/doi/10.1089/crispr.2020.0106?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%20%200pubmed
https://elifesciences.org/articles/12677
https://elifesciences.org/articles/13450
https://elifesciences.org/articles/13450
https://link.springer.com/article/10.1007/s00109-020-02034-2
https://link.springer.com/article/10.1007/s00109-020-02034-2
https://www.nature.com/articles/nbt.3081
https://www.nature.com/articles/nbt.3081
https://www.nature.com/articles/s41591-018-0326-x
https://www.nature.com/articles/s41591-018-0326-x
https://www.nature.com/articles/s41591-018-0326-x
https://www.cell.com/molecular-therapy-family/nucleic-acids/fulltext/S2162-2531(19)30058-7?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2162253119300587%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/nucleic-acids/fulltext/S2162-2531(19)30058-7?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2162253119300587%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/nucleic-acids/fulltext/S2162-2531(19)30058-7?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2162253119300587%3Fshowall%3Dtrue
https://www.nature.com/articles/nbt.4192
https://www.nature.com/articles/nbt.4192
https://www.nature.com/articles/nbt.4192
https://www.cell.com/molecular-therapy-family/molecular-therapy/fulltext/S1525-0016(16)30962-5?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1525001616309625%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/molecular-therapy/fulltext/S1525-0016(16)30962-5?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1525001616309625%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/molecular-therapy/fulltext/S1525-0016(16)30991-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1525001616309911%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/molecular-therapy/fulltext/S1525-0016(16)30991-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1525001616309911%3Fshowall%3Dtrue
https://www.pnas.org/doi/full/10.1073/pnas.1523918113
https://www.pnas.org/doi/full/10.1073/pnas.1523918113
https://www.nature.com/articles/s41467-021-24443-8
https://www.nature.com/articles/s41467-021-24443-8
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00990/full
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00990/full
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00990/full
https://www.science.org/doi/10.1126/science.aau1549
https://www.science.org/doi/10.1126/science.aau1549
https://www.ajkd.org/article/S0272-6386(18)30506-7/fulltext
https://tgh.amegroups.com/article/view/5580/html
https://tgh.amegroups.com/article/view/5580/html
https://www.nature.com/articles/s41551-021-00788-9
https://www.nature.com/articles/s41551-021-00788-9
https://www.nature.com/articles/s41551-021-00788-9
https://www.nature.com/articles/s41551-021-00788-9
https://www.degruyter.com/document/doi/10.1515/bmc-2021-0001/html
https://www.degruyter.com/document/doi/10.1515/bmc-2021-0001/html
https://www.science.org/doi/10.1126/science.aba7365
https://www.science.org/doi/10.1126/science.aba7365
https://embryology.med.unsw.edu.au/embryology/index.php/Main_Page
https://www.nature.com/articles/s41591-018-0184-6
https://www.nature.com/articles/s41591-018-0184-6
https://www.frontiersin.org/articles/10.3389/fgene.2020.00528/full
https://www.frontiersin.org/articles/10.3389/fgene.2020.00528/full
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0196891
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0196891
https://link.springer.com/article/10.1007/s11248-019-00168-9
https://link.springer.com/article/10.1007/s11248-019-00168-9
https://www.nature.com/articles/s41598-020-74960-7
https://www.nature.com/articles/s41598-020-74960-7
https://link.springer.com/article/10.1007/s11248-016-9998-5


Khalil AM 
Page 38 

Volume 09 • Issue 04 • 60 

 

 

127. Zhao Y, Liu P, Xin Z, Shi C, Bai Y, et al. (2019) Biological charac- 
teristics of severe combined immunodeficient mice produced 
by CRISPR/Cas9-mediated Rag2 and IL2rg mutation. Front 
genet 10: 401. 

128. Li Q, Qin Z, Wang Q, Xu T, Yang Y, et al. (2019) Applications of 
genome editing technology in animal disease modeling and 
gene therapy. Comput Struct Biotechnol J 17: 689–698. 

129. Rulli T (2019) Reproductive CRISPR does not cure disease. 
Bioethics 33(9):1072–1082. 

130. Reyes AP, Lanner F (2017) Towards a CRISPR view of early 
human development: Applications, limitations and ethical 
concerns of genome editing in human embryos. Development 
144: 3-7. 

131. Breckpot K, Escors D, Arce F, Lopes L, Karwacz K, et al. (2020) 
HIV-1 lentiviral vector immunogenicity is mediated by Toll- 
Like Receptor 3 (TLR3) and TLR7. J Virol 84 (11): 5627-5636. 

132. Cyranoski D (2016) CRISPR gene-editing tested in a person for 
the first time. Nature 539(7630):479. 

133. Matano M, Date S, Shimokawa M, Takano A, Fujii M, et al. 
(2015) Modeling colorectal cancer using CRISPR-Cas9-medi- 
ated engineering of human intestinal organoids. Nat Med 21: 
256-262. 

134. Anzalone AV, Koblan LW, Liu DR (2020) Genome editing with 
CRISPR–Cas nucleases, base editors, transposases and prime 

editors. Nat Biotechnol 38(7): 824–844. 

135. Şenödeyici E, Şahintürk DK, Akbolat BR, Dindar A, Sefer S, 
et al. (2021) Main genome editing tools: An overview of the 
literature, future applications and ethical questions. Turkish 
Med Stud J 8(2): 50-57. 

136. Janik E, Niemcewicz M, Krzowski L, Saluk-Bijak J, et al. (2020) 
Various aspects of a gene editing system-crispr-cas9. Int J Mol 
Sci 21(24): 9604. 

https://www.frontiersin.org/articles/10.3389/fgene.2019.00401/full
https://www.frontiersin.org/articles/10.3389/fgene.2019.00401/full
https://www.frontiersin.org/articles/10.3389/fgene.2019.00401/full
https://www.sciencedirect.com/science/article/pii/S2001037019300650?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2001037019300650?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2001037019300650?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1111/bioe.12663
https://journals.biologists.com/dev/article/144/1/3/47914/Towards-a-CRISPR-view-of-early-human-development
https://journals.biologists.com/dev/article/144/1/3/47914/Towards-a-CRISPR-view-of-early-human-development
https://journals.asm.org/doi/10.1128/JVI.00014-10
https://journals.asm.org/doi/10.1128/JVI.00014-10
https://www.nature.com/articles/nature.2016.20988
https://www.nature.com/articles/nature.2016.20988
https://www.nature.com/articles/nm.3802
https://www.nature.com/articles/nm.3802
https://www.nature.com/articles/s41587-020-0561-9
https://www.nature.com/articles/s41587-020-0561-9
https://turkmedstudj.com/archives/archive-detail/article-preview/man-genome-edtng-tools-an-overvew-of-the-lterature/50416
https://turkmedstudj.com/archives/archive-detail/article-preview/man-genome-edtng-tools-an-overvew-of-the-lterature/50416
https://www.mdpi.com/1422-0067/21/24/9604
https://www.mdpi.com/1422-0067/21/24/9604

	INTRODUCTION
	METHODS
	RESULTS
	Types of Transfection
	Factors Influencing Transfection Efficiency
	Cell Delivery Technologies
	Physical
	Biological
	Non-viral delivery
	Viral Delivery

	DISCUSSION
	CONCLUSION
	REFERENCE

