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Abstract

Transfection is a critical technique for introducing nucleic acids—such as DNA, RNA, or oligonucleotides—into cells and
plays a pivotal role in diverse research fields, including gene therapy, recombinant protein production, and functional
genomics. This meta-analysis examines the fundamental mechanisms, methodologies, and challenges associated with
transfection, highlighting advances in both viral and non-viral delivery systems, optimization techniques, and clinical
applications. Viral vectors, including adenovirus, retrovirus, and lentivirus, offer high efficiency and are frequently used
in gene therapy applications, while non-viral methods, such as lipid-mediated transfection, polyethylenimine (PEI),
dendrimer complexes, electroporation, microinjection, and biolistic delivery, provide safer alternatives but often exhibit
lower efficiency, necessitating optimization. Lipid-based transfection remains one of the most widely used methods,
particularly lipofection, due to its ease of use and efficiency in commonly used cell lines like HEK293 and HelLa cells.
Electroporation is effective for challenging cell types, such as primary neurons and stem cells, though high cell mortality
rates necessitate careful optimization. Transfection has significantly contributed to gene therapy, particularly for genetic
disorders such as cystic fibrosis, hemophilia, and spinal muscular atrophy, with viral vectors employed in CAR-T cell
therapy for cancer treatment showing promising results in hematological malignancies. Recent advances in mRNA
transfection have revolutionized vaccine development, exemplified by mRNA vaccines for COVID-19, demonstrating the
potential for further therapeutic applications. However, challenges remain, including achieving high transfection efficiency
while maintaining cell viability, especially in primary cells and stem cells, which are more resistant to transfection than
immortalized cell lines. Cytotoxicity and off-target effects limit the clinical utility of transfection, particularly in gene
therapy, where insertional mutagenesis poses significant safety risks. The cost of scaling transfection for therapeutic
applications, such as CAR-T cell production, remains prohibitive. Future research will focus on overcoming these
limitations while advancing the clinical applications of transfection for therapeutic gene delivery and personalized
medicine. Overall, as new materials, technologies, and optimization strategies are developed, the efficacy, safety, and
applicability of transfection techniques will likely improve, enhancing their role as cornerstones of molecular biology and
biotechnology.
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INTRODUCTION each With distinct benefit_s and Iimi_tations. This meta-
analysis explores the efficiency of different transfection
methods, focusing on their use in research and clinical
settings. It also delves into the technological
advancements aimed at improving these processes and
overcoming the associated challenges.

Transfection is a fundamental tool in molecular
biology, used for introducing foreign nucleic acids into
eukaryotic cells. It enables researchers to study gene
function, manipulate gene expression, and produce
recombinant proteins. This technique has become a
cornerstone in genetic engineering, synthetic biology,
and therapeutic development. Its widespread use spans
basic research to clinical applications, including
immunology, oncology, and stem cell therapies.

Mechanisms of Transfection
A) Chemical-Based Transfection

Chemical methods of transfection have gained
popularity due to their simplicity and adaptability. The
two most common approaches—Iipid-based and
polymer-based—facilitate cellular uptake through the
endocytosis of nucleic acid complexes.

Transfection methods have significantly
evolved since their inception, leading to the development
of various techniques. These methods can be broadly
classified into chemical, physical, and viral strategies,
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Lipid-Based Transfection: Liposomes, artificial
vesicles composed of phospholipid bilayers, are
commonly used to encapsulate and deliver nucleic acids.
These lipid-nucleic acid complexes merge with the cell
membrane, allowing entry into the cytoplasm.
Commercial reagents like Lipofectamine are widely used
in many research settings, particularly for adherent cell
lines like HEK293 and HelL a cells [1]. However, primary
or suspension cells often present lower transfection
efficiencies with this method.

Polymer-Based Transfection: Polymers such as
polyethyleneimine (PEI) and dendrimers bind with
nucleic acids to form nanoparticles that are easily taken
up by cells. PEI has been extensively studied for its
ability to condense DNA and facilitate cellular uptake,
making it a reliable option for gene delivery in specific
settings [2]. Dendrimers, highly branched polymer
structures, offer enhanced transfection efficiency in
some cell types, though concerns about their toxicity
remain [3].

While these chemical methods are efficient for
in vitro studies, their use in vivo is limited due to
challenges such as serum-induced degradation and
potential toxicity.

B) Physical-Based Transfection

Physical techniques involve temporarily
disrupting the cell membrane using mechanical or
electrical forces to allow the entry of nucleic acids.
Although highly efficient, these methods may increase
the risk of cell damage.

o  Electroporation: This method involves applying
an electrical field to cells, temporarily
permeabilizing the cell membrane and
facilitating the entry of nucleic acids. It is
especially useful for transfecting challenging
cell types such as primary neurons and
hematopoietic stem cells [4]. However,
electroporation can cause significant cell
mortality due to membrane disruption [5].

e Microinjection: Microinjection is a precise
technique where nucleic acids are directly
introduced into the cytoplasm or nucleus of a
cell using a fine needle. Though highly
accurate, it is labor-intensive and requires
specialized equipment, limiting its use to
specific applications like oocyte manipulation
or single-cell studies [6].

e Biolistic Delivery (Gene Gun): In this
approach, nucleic acids are coated onto tiny
particles, typically gold or tungsten, and then
propelled into cells using a high-velocity gas
burst. This technique is effective for
transfecting cells with rigid walls, such as plant
cells, but its use in mammalian systems is
constrained by potential toxicity [7].

C) Viral-Mediated Transfection (Transduction)

Viral-mediated transfection, or transduction,
harnesses the natural ability of viruses to deliver genetic
material into host cells. Commonly employed viral
vectors include adenoviruses, lentiviruses, and
retroviruses, each with its own specific properties and
applications.

e Adenoviral Vectors: Adenoviral vectors are
capable of transducing a wide variety of both
dividing and non-dividing cells. As they do not
integrate into the host genome, they provide
high levels of transient gene expression, making
them suitable for short-term studies. However,
their immunogenicity limits their use in long-
term or therapeutic applications [8].

e Lentiviral Vectors: Lentiviruses, derived from
the human immunodeficiency virus (HIV), are
frequently used for stable transfections due to
their ability to integrate into the host genome.
While this feature is invaluable for creating
stable cell lines and gene therapy, it carries the
risk of insertional mutagenesis, which could
disrupt important genes and lead to adverse
effects such as oncogenesis [9].

e Retroviral Vectors: Retroviral vectors also
integrate into the host genome but are primarily
used for transducing dividing cells. They are
popular for gene therapy applications like CAR-
T cell therapy, but their inability to infect non-
dividing cells limits their scope [10].

D) Factors Affecting Transfection Efficiency
Numerous factors influence the efficiency of

transfection, ranging from cell type and nucleic acid

quality to reagent selection and experimental conditions.

e Cell Type and Proliferation Rate: Different cell
types exhibit varying transfection efficiencies.
Primary cells, particularly those with low
proliferation rates, are often harder to transfect
than immortalized cell lines such as Hela or
HEK?293. This is partly due to reduced
endocytic activity in primary cells, which
affects the uptake of transfection complexes.
Optimizing cell culture conditions, such as
adjusting serum concentrations, can help
improve transfection outcomes [12].

e Nucleic Acid Integrity: The purity and quality
of nucleic acids used in transfection are critical
to its success. Contaminated or degraded
plasmids or mRNA may activate cellular
immune responses, leading to reduced
efficiency. Smaller, linearized DNA constructs
tend to transfect more efficiently than larger or
supercoiled ones [13].

¢ Reagent-to-DNA Ratio: Achieving an optimal
ratio of transfection reagent to nucleic acid is
crucial for maximizing efficiency while
minimizing cytotoxicity. An excess of cationic
reagents can lead to membrane destabilization
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and cell death, while too little will reduce the
number of successfully transfected cells [14].
Post-Transfection Conditions: The conditions
after the transfection process, including
incubation times and environmental factors
such as temperature, can influence the outcome.
Antibiotic selection is commonly employed in
stable transfection experiments to ensure only
cells with integrated DNA survive and
proliferate [16].

E) Applications of Transfection

1. Research Applications: Transfection serves a wide
range of research purposes, from gene expression studies
to advanced techniques like gene editing and protein
production.

Gene Expression Analysis: Transfecting cells
with plasmids carrying specific genes allows
researchers to study gene function and
regulation. By overexpressing or silencing
genes, scientists can observe changes in cellular
behaviour and infer the gene’s role in processes

such as differentiation, cell division, or
apoptosis [17].
Recombinant  Protein  Production: Many

pharmaceutical applications depend on the
production of recombinant proteins, such as
monoclonal antibodies. Mammalian cell lines
are frequently transfected with plasmids
encoding the target proteins, which are then
harvested for therapeutic or industrial use [18].
Gene Editing and Silencing: CRISPR-Cas9 and
RNA interference (RNAI) technologies rely on
transfection for delivering the necessary
components into cells. CRISPR allows for
precise genome editing by cutting DNA at
specific locations, while RNAIi uses small
interfering RNA (siRNA) to transiently silence
target genes [19, 20]. These methods have
become indispensable tools in functional
genomics.

2. Clinical Applications: In addition to research,
transfection plays a significant role in therapeutic
contexts, particularly in gene therapy, cancer treatment,
and vaccine development.

Gene Therapy: Transfection is a core
technology in gene therapy, where corrective
genes are introduced into a patient's cells to treat
genetic disorders. Viral vectors are commonly
employed to deliver therapeutic genes, with
significant progress in treating diseases like
cystic fibrosis, hemophilia, and spinal muscular
atrophy [21, 22].

Cancer Treatment (CAR-T Cell Therapy):
Transfection technologies are key to developing
chimeric antigen receptor (CAR)-T cell
therapies, where a patient’s T cells are
genetically engineered to target and kill cancer

cells. This approach has demonstrated
remarkable success, particularly in treating
blood cancers like leukemia and lymphoma [23,
24].

MRNA Vaccine Development: The
development of mRNA vaccines, particularly
for COVID-19, highlights the clinical potential
of lipid nanoparticle-mediated transfection.
These vaccines introduce mRNA encoding viral
proteins, which the host cells translate, eliciting
an immune response. This success is prompting
research into other mMRNA-based vaccines and
therapies for infectious diseases and cancer [25,
26].

F) Challenges in Transfection

Despite its widespread utility, several

challenges remain in optimizing transfection methods for
both research and clinical applications.

Low Efficiency in Certain Cell Types: Some
cell types, such as primary cells and stem cells,
are difficult to transfect due to their low
proliferative capacity and limited uptake of
transfection complexes. Achieving high
efficiency in these cells often requires the use of
viral vectors or optimized electroporation
conditions, both of which can introduce
additional challenges such as cytotoxicity and
technical complexity [27].

Cytotoxicity: Many transfection reagents and
methods, particularly physical methods like
electroporation and biolistic delivery, cause
significant cell death due to membrane
disruption or mechanical damage. Minimizing
cytotoxicity ~ while  maintaining  high
transfection efficiency is a critical balancing act
in transfection protocol optimization [28].
Transient vs. Stable Transfection: While
transient transfection is ideal for short-term
studies, stable transfection is required for long-
term expression of transgenes. Achieving stable
transfection often involves integrating foreign
DNA into the host genome, which raises
concerns about insertional mutagenesis and off-
target effects. In the context of gene therapy,
these risks must be carefully managed to avoid
unintended consequences, such as oncogenesis.
[29].

Scalability and Cost: For therapeutic
applications, scaling up transfection methods to
produce large quantities of transfected cells or
viral vectors can be prohibitively expensive.
The cost of reagents, nucleic acids, and viral
vectors, combined with the technical expertise
required for large-scale transfections, limits the
accessibility of these technologies for
widespread clinical use [30].

© 2025 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates

16



Sharique Ahmad et al, Sch Int J Tradit Complement Med, Jan, 2025; 8(1): 14-19

G) Emerging Trends and  Technological
Advancements

Recent technological advancements are
addressing some of the limitations of traditional
transfection methods. Key areas of innovation include
gene editing tools, non-viral delivery systems, and
nanotechnology-based approaches.

e CRISPR-Cas9 and Gene Editing: The advent of
CRISPR-Cas9 has revolutionized genetic
research by enabling precise and targeted
modifications of the genome. Transfection
methods have been optimized to deliver
CRISPR components—such as plasmid DNA,
MRNA, or ribonucleoprotein complexes—into
cells. These methods have improved the
efficiency and specificity of gene editing,
paving the way for more precise and safer
therapeutic interventions [31].

e mRNA-Based Therapeutics: The success of
MRNA vaccines, particularly those developed
for COVID-19, has underscored the potential of
MRNA-based therapeutics. Lipid nanoparticle
(LNP)-mediated transfection has emerged as a
key technology for delivering mRNA into cells,
ensuring high transfection efficiency and low
immunogenicity. This approach is being
expanded to other therapeutic areas, including
cancer immunotherapy and protein replacement
therapies [32].

e Nanotechnology in Transfection:
Nanoparticles,  nanofibers, and  other
nanomaterials are being explored as alternative
transfection vehicles. Nanoparticles offer
several advantages, including improved
targeting, reduced cytotoxicity, and enhanced
transfection efficiency. Nanotechnology-based
transfection is particularly promising for in vivo
applications, where precise targeting of specific
tissues or cell types is essential for therapeutic
success [33].

e Single-Cell Transfection: Microfluidic and
nanofluidic systems are being developed to
enable single-cell transfection, allowing for
more precise control over the delivery of
nucleic acids into individual cells. These
systems hold promise for applications in
personalized medicine, where patient-specific
cells can be transfected and studied at the
single-cell level [34].

H) Comparative Analysis of Transfection Methods
Each transfection method has distinct advantages and
limitations, depending on the experimental or therapeutic
context.

e Chemical Methods: Liposome- and polymer-
based transfections are widely used due to their
simplicity, low cost, and scalability. However,
their efficiency can be low in certain cell types,
and they often require careful optimization to

balance  transfection
cytotoxicity [35].

e Physical Methods: Physical methods, such as
electroporation and microinjection, offer higher
efficiency in hard-to-transfect cells but are
generally more cytotoxic and require
specialized equipment. Electroporation is
particularly useful for applications requiring
transient, high-efficiency transfection, while
microinjection is favored for single-cell studies
or situations where precise control over nucleic
acid delivery is required [36].

e Viral Methods: Viral-mediated transfection
remains the most efficient method for stable
gene expression, particularly in clinical
contexts. However, concerns about safety,
immunogenicity, and insertional mutagenesis
limit the use of viral vectors in certain
applications, particularly in vivo. Lentiviral and
adenoviral vectors are widely used in research
and gene therapy, but their clinical translation
requires careful consideration of the associated
risks [37].

efficiency  with

Future Perspectives and Challenges

Looking to the future, the ongoing development
of safer, more efficient, and scalable transfection
methods will be critical for advancing both basic
research and clinical applications. The integration of
transfection technologies with emerging fields such as
synthetic biology, tissue engineering, and personalized
medicine will open new avenues for exploration.

A) Enhancing Efficiency and Safety

Improving the safety and efficiency of
transfection methods remains a top priority, particularly
for clinical applications. Non-viral delivery systems,
such as lipid nanoparticles and nanomaterials, are
expected to play an increasingly important role in
overcoming the limitations of traditional transfection
methods. These systems offer reduced immunogenicity
and toxicity, making them suitable for in vivo
applications.

Advances in gene editing technologies, such as
CRISPR-Cas9, are also expected to improve the
precision of gene modifications, reducing the risk of off-
target effects and insertional mutagenesis. The
combination of optimized transfection methods with
precise gene editing tools holds great promise for the
development of safer and more effective gene therapies
[38].

B) Scalability for Therapeutic Applications

As gene therapies and mRNA-based
therapeutics continue to gain traction, scaling up
transfection methods to meet clinical demand will
become increasingly important. Large-scale production
of transfected cells or viral vectors requires not only
technical expertise but also significant financial
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investment. Developing cost-effective and scalable
transfection technologies will be key to making these
therapies more accessible to a broader patient population
[39].

C) Regulatory and Ethical Considerations

The clinical translation of transfection-based
therapies also raises important regulatory and ethical
questions. Gene therapies, in particular, face a complex
regulatory landscape, as the long-term effects of genome
editing and viral vector integration remain uncertain.
Ensuring the safety and efficacy of these therapies while
navigating regulatory hurdles will be a significant
challenge for the field [40].

CONCLUSION

Transfection is a fundamental tool in molecular
biology, enabling a wide range of research and
therapeutic applications. While significant advances
have been made in optimizing transfection efficiency and
safety, particularly with the development of non-viral
delivery systems and CRISPR-Cas9 gene editing,
challenges remain. Cytotoxicity, low transfection
efficiency in certain cell types, and the scalability of
transfection methods for therapeutic use are ongoing
issues that must be addressed.

Looking forward, the continued development of
innovative transfection technologies, coupled with
advances in related fields such as nanotechnology and
personalized medicine, will shape the future of gene
delivery and genetic engineering. As transfection
methods continue to evolve, their impact on both
research and clinical applications will only grow,
offering new opportunities for understanding and
treating human diseases.
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