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Introduction
Tissue engineering has emerged as a promising field in 
regenerative medicine, aiming to restore, maintain, or 
enhance tissue function through the development of 
biological substitutes that can reconstruct or replace 
damaged tissues and organs.1 This interdisciplinary 

approach combines principles from engineering, 
materials science, and life sciences to create functional 
tissue constructs.2 Concurrently, genetic engineering 
has revolutionized our ability to manipulate cellular 
behavior at the molecular level, offering unprecedented 
opportunities to enhance tissue engineering strategies.3 
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Abstract
Introduction: A new era of 
regenerative medicine has been 
ushered in by the combination 
of tissue engineering and 
genetic engineering, offering 
unprecedented opportunities 
to address the growing 
demand for functional tissue 
replacements. This narrative 
review explores cutting-
edge approaches in cell 
manipulation-based tissue 
engineering through the lens of genetic engineering, highlighting the transformative potential of 
this synergy.
Methods: We critically examine the application of advanced genetic engineering techniques, 
including CRISPR-Cas9, TALENs, and synthetic biology, in modifying cellular behaviors and 
functions for tissue engineering. The review encompasses a diverse range of engineered tissues, 
from cartilage and bone to cardiac, neural, skin, and vascular constructs, elucidating how genetic 
manipulation enhances their functionality and physiological relevance. We further investigate 
the integration of these genetic approaches with emerging technologies such as 3D-bioprinting, 
microfluidics, and smart biomaterials, which collectively expand the horizons of complex tissue 
fabrication.
Results: The review delves into pioneering trends, including in vivo genetic engineering for 
tissue regeneration and the development of patient-specific engineered tissues, discussing their 
implications for personalized medicine. We address the field's challenges, including long-term 
genetic stability, scalability, and off-target effects, while also considering the ethical implications 
and evolving regulatory landscape of genetically engineered tissues. Emerging technologies in 
genetic engineering, including base editing and synthetic genetic circuits, have been explored 
for their potential to create "smart" tissues capable of dynamic environmental responses. The 
review also highlights the synergistic potential of combining genetic engineering with stem cell 
technologies to enhance tissue functionality and immunological compatibility.
Conclusion: This comprehensive review concludes by underscoring the transformative impact of 
genetic engineering on cell manipulation-based tissue engineering. While significant challenges 
persist, the rapid advancements in this field herald a future where genetically tailored, functional 
tissue constructs could revolutionize regenerative medicine, offering new hope for addressing 
critical unmet medical needs. 
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The integration of these two fields has opened up new 
avenues for addressing long-standing challenges in 
regenerative medicine, enabling researchers to engineer 
more sophisticated and functional tissue constructs.4

Tissue engineering typically involves the intricate 
interplay of three key components: cells, scaffolds, and 
bioactive factors.5 Cells serve as the fundamental building 
blocks, while scaffolds provide essential structural 
support and guidance for tissue formation. Bioactive 
factors, such as growth factors and cytokines, play a 
crucial role in stimulating the cellular processes necessary 
for tissue development and regeneration.6 The integration 
of genetic engineering techniques into this paradigm has 
allowed for precise manipulation of cellular properties, 
function, and behavior, significantly enhancing the 
potential of engineered tissues.7

Genetic engineering encompasses a range of techniques 
that enable the modification of an organism's genetic 
material. In the context of tissue engineering, these 
approaches allow researchers to alter gene expression, 
introduce new genes, or knock out existing ones to 
enhance cellular functions and tissue formation.8 The most 
prominent genetic engineering tools currently employed 
in cell manipulation for tissue engineering include 
Clustered Regularly Interspaced Short Palindromic 
Repeats and CRISPR-associated protein 9 (CRISPR-
Cas9), Transcription Activator-Like Effector Nucleases 
(TALENs), and Zinc Finger Nucleases (ZFNs).9,10 These 
technologies have revolutionized our ability to manipulate 
cellular genomes with unprecedented precision and 
efficiency, opening up new possibilities for enhancing cell-
based approaches in tissue engineering and regenerative 
medicine.11

The significance of genetic engineering in cell 
manipulation for tissue engineering cannot be overstated. 
By modifying the genetic makeup of cells, researchers 
can fine-tune their proliferation rates, differentiation 
potential, and functional properties, leading to the 
development of superior tissue constructs.12 Genetic 
engineering approaches in tissue engineering offer several 
significant advantages, including enhanced cell survival 
and integration in harsh environments, improved tissue 
functionality through the expression of specific proteins 
or factors, controlled differentiation of stem cells into 
desired cell types, and immunomodulation to reduce the 
risk of rejection in transplanted tissues.13,14 Furthermore, 
advanced genetic engineering techniques, such as 
optogenetics, enable unprecedented spatiotemporal 
control over cellular processes during tissue formation, 
allowing for the creation of more complex and 
physiologically relevant tissue constructs.15 

This approach has shown promise in addressing some 
of the most challenging aspects of tissue engineering, 
such as vascularization, innervation, and the creation of 
complex, multi-tissue interfaces.16 Moreover, genetically 

engineered cells can be designed to respond to external 
stimuli or environmental cues, enabling the creation of 
"smart" tissues that can adapt to changing physiological 
conditions.17 The integration of genetic engineering with 
other advanced technologies in tissue engineering, such as 
3D bioprinting and microfluidics, has further expanded 
the possibilities for creating highly sophisticated and 
functional engineered tissues.18 

This narrative review aims to provide a comprehensive 
overview of cell manipulation-based tissue engineering 
through genetic engineering approaches. The objectives 
are to examine fundamental principles and techniques, 
explore applications in various tissue engineering 
domains, discuss advanced approaches and their 
integration with other strategies, analyze challenges and 
ethical considerations, and highlight emerging trends 
and future perspectives in the field. By addressing these 
objectives, this review seeks to offer researchers, clinicians, 
and bioengineers a thorough understanding of the 
current state and future potential of genetic engineering 
approaches in cell manipulation-based tissue engineering 
and regenerative medicine.

Fundamentals of genetic engineering for cell 
manipulation
Overview of genetic engineering techniques
Genetic engineering techniques have revolutionized 
the field of cell manipulation for tissue engineering by 
providing powerful tools to modify cellular genomes 
with unprecedented precision and efficiency. These 
techniques allow researchers to alter gene expression, 
introduce new genes, or knock out existing ones, thereby 
enhancing cellular functions and tissue formation.11,19 
The most prominent genetic engineering tools currently 
employed in cell manipulation for tissue engineering 
include CRISPR-Cas9, TALENs, and ZFNs.20 Each of 
these techniques presents unique advantages and has 
contributed significantly to advancing the field of tissue 
engineering.

CRISPR-Cas9
CRISPR-Cas9 has emerged as the most versatile and widely 
utilized genetic engineering tool due to its simplicity, 
efficiency, and adaptability.11,21 This system, derived from 
bacterial adaptive immune mechanisms, consists of two 
main components: a guide RNA (gRNA) that directs the 
CRISPR-associated protein 9 (Cas9) endonuclease to a 
specific DNA sequence, and the Cas9 itself, which cleaves 
the target DNA.22 The CRISPR-Cas9 system can be easily 
programmed to target virtually any genomic locus by 
simply changing the sequence of the gRNA.

In tissue engineering applications, CRISPR-Cas9 
has been used to modify cellular properties such as 
proliferation, differentiation, and functionality. For 
instance, researchers have employed CRISPR-Cas9 to 
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improve the osteogenic potential of mesenchymal stem 
cells for bone tissue engineering.23 By targeting the 
WNT3A gene, they were able to enhance osteogenic 
differentiation and mineral deposition, leading to 
improved bone formation both in vitro and in vivo. 
Similarly, CRISPR-Cas9 has been utilized to modify 
chondrocytes for cartilage tissue engineering, enhancing 
their ability to produce extracellular matrix components 
and resist inflammatory conditions.24

One of the notable applications of CRISPR-Cas9 in 
tissue engineering is its ability to perform multiplex gene 
editing, allowing for the simultaneous modification of 
multiple genes.25 This capability is particularly valuable 
in addressing complex tissue engineering challenges that 
require the modulation of multiple cellular pathways. For 
example, researchers have used multiplex CRISPR-Cas9 
editing to enhance the immunomodulatory properties 
of mesenchymal stem cells, improving their therapeutic 
potential in various tissue engineering applications.26

CRISPR-Cas9 has also been employed to generate 
disease models in engineered tissues, facilitating the 
study of pathological mechanisms and the development 
of potential therapies.27 By introducing specific mutations 
associated with genetic disorders, researchers can 
recapitulate disease phenotypes in engineered tissues, 
providing valuable insights into disease progression and 
potential therapeutic interventions.

Recent advancements in CRISPR-Cas9 technology, such 
as base editing and prime editing, have further expanded 
its capabilities in tissue engineering applications.28 Base 
editing allows for the direct conversion of one DNA 
base to another without inducing double-strand breaks, 
reducing the risk of unintended mutations. Prime editing 
provides even greater precision and versatility, enabling 
the introduction of a wide range of genetic modifications, 
including insertions, deletions, and all possible base-to-
base conversions.29,30

Despite its numerous advantages, the use of CRISPR-
Cas9 in tissue engineering still faces some challenges, 
including off-target effects and delivery efficiency.31 
Ongoing research is focused on developing more specific 
Cas9 variants and optimizing delivery methods to address 
these limitations. Additionally, ethical considerations and 
regulatory frameworks surrounding the use of CRISPR-
Cas9 in clinical applications of tissue engineering 
continue to evolve, necessitating careful consideration 
and adherence to guidelines.20

As CRISPR-Cas9 technology continues to advance, its 
integration with other tissue engineering approaches, such 
as 3D bioprinting and organoid development, is opening 
up new possibilities for creating highly sophisticated 
and functional engineered tissues.32 The combination of 
precise genetic manipulation with advanced fabrication 
techniques promises to revolutionize the field of tissue 
engineering, bringing us closer to the goal of creating fully 

functional, patient-specific tissue replacements.33

Fig. 1 is a schematic representation of the CRISPR-
Cas9 gene editing system, demonstrating how the Cas9 
protein, guided by RNA, targets specific DNA sequences 
for precise gene insertion, modification, or knockout in 
tissue engineering applications.

TALENs 
TALENs, another powerful genetic engineering tool 
widely used in cell manipulation for tissue engineering, 
consist of a customizable DNA-binding domain fused 
to a non-specific DNA cleavage domain.34 The DNA-
binding domain is composed of repeated modules, each 
recognizing a single DNA base pair, allowing for highly 
specific targeting of genomic sequences. This modular 
structure allows researchers to design TALENs that can 
bind to virtually any DNA sequence of interest, providing 
a versatile platform for genetic manipulation in tissue 
engineering applications.

TALENs have been successfully employed in 
various tissue engineering applications, including the 
modification of stem cells for enhanced differentiation 
and the creation of knockout cell lines for studying gene 
function in engineered tissues.35 For example, TALENs 
have been used to modify human pluripotent stem cells 
to improve their cardiac differentiation efficiency, leading 
to more robust engineered cardiac tissues.36 In another 
study, researchers used TALENs to generate knockout cell 
lines of key extracellular matrix genes in chondrocytes, 
providing valuable insights into the role of these genes in 
cartilage tissue engineering.37

One of the advantages of TALENs in tissue engineering 
is their high specificity and relatively low off-target 
effects compared to some other genetic engineering 
techniques.38 This characteristic is particularly important 
when working with sensitive cell types or when precise 
genetic modifications are crucial for the desired tissue 
engineering outcome. Moreover, TALENs have shown 
high efficiency in generating biallelic modifications, 
which is often necessary for achieving complete knockout 
of target genes.39

Despite their advantages, TALENs have limitations 
in tissue engineering. Their design and assembly are 
more time-consuming and complex than CRISPR-Cas9, 
potentially hindering widespread adoption in some tissue 
engineering applications.40 However, recent advances in 
TALENs design and assembly protocols have streamlined 
this process, enhancing accessibility for researchers in the 
discipline.41

ZFNs 
ZFNs were among the first programmable nucleases 
developed for targeted genome editing and have made 
significant contributions to cell manipulation in tissue 
engineering. These engineered proteins consist of a DNA-
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binding domain composed of zinc finger proteins fused to 
a DNA cleavage domain.42,43 Each zinc finger recognizes 
a specific 3-base pair DNA sequence, allowing for the 
design of ZFNs that target specific genomic loci.

In tissue engineering, ZFNs have been utilized to 
alter the properties of cells used in tissue constructs, 
such as improving the immunomodulatory functions 
of mesenchymal stem cells.44 For instance, researchers 
have used ZFNs to modify the genome of mesenchymal 
stem cells to overexpress anti-inflammatory cytokines, 
enhancing their therapeutic potential in tissue regeneration 
applications.45 ZFNs have also been employed to create 
knockout cell lines for studying the role of specific genes 
in tissue development and regeneration.46

One of the key advantages of ZFNs in tissue engineering 
is their ability to induce precise genetic modifications 
with relatively low off-target effects.47,48 This precision is 
particularly important when working with cells intended 
for clinical applications, where unintended genetic 
modifications could have significant consequences. 
Additionally, ZFNs have shown high efficiency in 
generating biallelic modifications, which is often necessary 
for achieving complete knockout of target genes.48,49

However, the complex and time-consuming design and 
assembly of zinc finger proteins, requiring specialized 
expertise, have limited their widespread adoption 
compared to newer techniques like CRISPR-Cas9.50 
Furthermore, the range of targetable sequences for ZFNs 
is more limited compared to TALENs and CRISPR-Cas9, 
which may restrict their applicability in some tissue 
engineering scenarios.51,52

Despite these limitations, ZFNs continue to play a role 
in tissue engineering research, particularly in applications 
requiring high specificity and a well-established safety 
profile. As the field of genetic engineering continues 
to evolve, the integration of ZFNs with other advanced 
technologies in tissue engineering may lead to new and 
innovative approaches for cell manipulation and tissue 

construct development.10,53

Cellular targets for genetic manipulation in tissue 
engineering
In tissue engineering, various cellular targets have been 
identified for genetic manipulation to enhance the 
function, survival, and integration of engineered tissues. 
These targets play crucial roles in tissue formation and 
function, and can be broadly categorized into several key 
areas.

Genes involved in cell proliferation and survival 
are primary targets for manipulation. By modulating 
these genes, researchers can enhance cell expansion 
and longevity in engineered tissues. For instance, 
overexpression of anti-apoptotic genes like Bcl-2 has 
been shown to improve the survival of transplanted cells 
in cardiac tissue engineering.54,55 Similarly, manipulation 
of cell cycle regulators, such as cyclin-dependent kinases, 
can promote regulated proliferation in tissue constructs.56 

Differentiation factors represent another critical target 
for genetic manipulation. Altering the expression of key 
transcription factors or growth factors can guide stem cell 
differentiation into specific cell types required for various 
tissues. Overexpression of SOX9 in mesenchymal stem 
cells, for example, has been used to enhance chondrogenic 
differentiation for cartilage tissue engineering.57 In 
another study, genetic manipulation of OCT4 and SOX2 
expression in induced pluripotent stem cells was shown to 
fine-tune their differentiation potential for various tissue 
engineering applications.58

Extracellular matrix (ECM) production is crucial for the 
structural integrity and functionality of engineered tissues. 
Genes encoding ECM proteins or enzymes involved in 
ECM remodeling are often targeted for modification. For 
instance, overexpression of elastin in smooth muscle cells 
has been employed to enhance the mechanical properties 
of engineered blood vessels.59 Additionally, manipulation 
of matrix metalloproteinases (MMPs) and their inhibitors 

Fig. 1. Comparison of gene editing techniques and highlighting their mechanisms for targeted DNA modification and gene insertion to enable new gene 
expression.
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can help regulate ECM remodeling in engineered tissues.60

Angiogenic factors are vital targets, especially for large 
tissue constructs requiring efficient vascularization. 
Overexpression of angiogenic factors like vascular 
endothelial growth factor (VEGF), achieved through 
genetic modification, has been widely used to enhance 
blood vessel formation in various tissue engineering 
applications.61 Combinatorial approaches, such as co-
expression of VEGF and PDGF-BB, have shown promise 
in promoting the formation of stable and functional 
vascular networks in engineered tissues.62

Immunomodulatory molecules are increasingly 
important targets, particularly for applications involving 
allogeneic or xenogeneic cell sources. Manipulating cells 
to express immunomodulatory factors can help reduce 
immune rejection and promote integration of engineered 
tissues. For example, genetic modification of mesenchymal 
stem cells leading to the overexpression of Interleukin 
10 (IL-10) has been shown to alter myeloid dendritic 
cells, reducing immune response and enhancing their 
immunosuppressive properties.63,64 Similarly, researchers 
found that genetic modification of mesenchymal stem 
cells (MSCs) to overexpress angiopoietin 1 (ANGPT1) 
has been shown to reduce lung inflammation in an ALI/
ARDS model. This approach lowered inflammatory 
markers, including tumor necrosis factor-alpha 
(TNF-α), interferon-gamma (IFN-γ), interleukin-6 (IL-
6), and monocyte chemoattractant protein-1 (MCP-
1), demonstrating potential for enhancing MSC-based 
therapies.65

Lastly, cell adhesion molecules represent another 
important target for genetic manipulation. Enhancing 
the expression of these molecules can improve cell-
cell and cell-matrix interactions in engineered tissues. 
Overexpression of N-cadherin in cardiomyocytes, for 
instance, has been used to enhance electrical coupling in 
engineered cardiac tissues.66

Gene delivery methods for cell manipulation
Efficient and safe gene delivery is crucial for successful 
genetic manipulation in tissue engineering. Various 
methods have been developed and optimized for different 
cell types and applications, each with its own advantages 
and limitations.

Viral vectors
Viral vectors, including lentiviruses, adenoviruses, and 
adeno-associated viruses (AAVs), remain one of the 
most efficient gene delivery methods due to their high 
transduction efficiency. Lentiviral vectors are particularly 
useful for stable, long-term gene expression in both 
dividing and non-dividing cells.67 AAVs have gained 
popularity due to their low immunogenicity and ability 
to transduce a wide range of cell types.68 However, safety 
concerns regarding insertional mutagenesis and immune 

responses remain challenges for their clinical application.

Non-viral vectors
In contrast to viral vectors, non-viral vectors offer 
improved safety profiles but generally lower efficiency. 
Lipid-based transfection methods, such as lipofection, 
form complexes with DNA to facilitate cellular uptake. 
Recent advances in lipid nanoparticle formulations have 
significantly improved transfection efficiency and reduced 
cytotoxicity.69 Polymer-based systems, including cationic 
polymers like poly-ethylene-imine (PEI) and poly-L-
lysine (PLL), can condense DNA into nanoparticles for 
cellular uptake.70

Biodegradable polymers like poly-lactic-co-glycolic 
acid (PLGA) have shown promise for sustained gene 
delivery in tissue engineering applications.71

Physical methods
Physical methods for gene delivery have also been explored 
in tissue engineering. Electroporation uses brief electrical 
pulses to create temporary pores in cell membranes, 
allowing DNA entry. It has been effectively used for 
hard-to-transfect cell types, such as primary neurons and 
stem cells.72 Another physical method, sonoporation, 
utilizes ultrasound waves to induce transient pores in 
cell membrane, which enhance permeability for gene 
delivery.73

Cell squeezing, also known as microfluidic deformation, 
represents a promising physical gene delivery method that 
leverages microfluidic devices to transiently deform cells, 
facilitating the intracellular delivery of biomolecules, 
including DNA.74,75 This technique involves passing 
cells through a narrow constriction or channel within a 
microfluidic device, inducing a temporary deformation of 
the cell membrane.76 This deformation creates transient 
pores or disruptions in the membrane, allowing exogenous 
molecules, such as DNA, to enter the cell's cytoplasm.77 
Unlike other physical methods like electroporation or 
sonoporation, cell squeezing avoids the use of electrical or 
ultrasonic forces, potentially reducing cellular stress and 
toxicity. 

Emerging approaches
The use of mRNA instead of DNA for genetic manipulation 
has gained attention due to its transient nature and 
reduced risk of genomic integration. Advances in mRNA 
stabilization and delivery techniques have made this 
approach increasingly attractive for tissue engineering 
applications.78 mRNA delivery allows for rapid and 
transient protein expression, which can be advantageous 
in certain tissue engineering scenarios where temporary 
genetic modification is desired.

Nanoparticle-mediated delivery has emerged as a 
versatile approach for gene delivery in tissue engineering. 
Various types of nanoparticles, including gold 
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nanoparticles and mesoporous silica nanoparticles, have 
been developed for this purpose. These systems offer 
the potential for targeted delivery and controlled release 
of genetic material.79 Additionally, the use of magnetic 
nanoparticles for gene delivery, known as magnetofection, 
has shown promise in enhancing transfection efficiency 
in various cell types.80

Scaffold-mediated gene delivery represents an 
innovative approach that combines gene delivery 
with biomaterial-based tissue engineering strategies. 
Incorporating genetic material into tissue engineering 
scaffolds allows for localized and sustained gene delivery. 
This approach has been particularly useful for promoting 
tissue regeneration in situ.81 Various techniques, such as 
layer-by-layer assembly and electrospinning, have been 
employed to incorporate genetic material into scaffolds 
for controlled release.82

The choice of gene delivery method depends on 
various factors, including the target cell type, desired 
duration of expression, and safety considerations. As 
the field advances, the development of more efficient 
and safer gene delivery methods remains a key area of 
research in genetic manipulation for tissue engineering. 
The integration of multiple delivery strategies and the 
development of stimuli-responsive systems are emerging 
trends that hold promise for enhancing the precision and 
efficacy of genetic manipulation in tissue engineering 
applications.83

An overview of the gene delivery methods, including 
viral, non-viral, physical, and emerging approaches, 
along with their advantages and applications in tissue 

engineering, is presented in Fig. 2.

Applications of genetically engineered cells in tissue 
engineering
Genetic engineering approaches have significantly 
advanced the field of tissue engineering by enabling precise 
manipulation of cellular properties and functions. This 
section explores the applications of genetically engineered 
cells in various areas of tissue engineering, focusing on 
cartilage, bone, and cardiac tissue engineering.

The applications of genetically engineered cells in 
different domains of tissue engineering, such as cartilage, 
bone, cardiac, vascular, and neural tissues, are summarized 
in Fig. 3.

Cartilage and bone tissue engineering
Cartilage and bone tissue engineering have greatly 
benefited from genetic engineering approaches, 
addressing challenges such as limited regenerative capacity 
and insufficient mechanical properties. Researchers have 
employed various genetic manipulation techniques to 
enhance the chondrogenic and osteogenic potential of 
cells used in these applications.

In cartilage tissue engineering, genetic modification 
of chondrocytes and MSCs has been extensively studied. 
One approach involves overexpression of chondrogenic 
transcription factors such as SOX9, which has been 
shown to enhance cartilage-specific ECM production.84 
For instance, Cao et al used adenoviral-mediated SOX9 
gene transfer to enhance chondrogenic differentiation of 
rabbit bone marrow-derived MSCs, resulting in improved 

Fig. 2. Overview of gene delivery methods, including viral, non-viral, physical, and emerging approaches, highlighting their mechanisms, advantages, and 
applications in gene therapy and biomedical research.
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cartilage repair in vivo.85,86

In addition to transcription factor overexpression, 
CRISPR-Cas9 technology has also been applied to 
cartilage tissue engineering. As previously discussed,87 
this approach demonstrates the potential of genetic 
engineering in improving cell selection and purity for 
tissue engineering applications.11,88

In bone tissue engineering, genetic manipulation has 
been used to enhance osteogenic differentiation and 
osteogenesis. Overexpression of bone morphogenetic 
proteins (BMPs), particularly BMP-2 and BMP-7, has 
been a common strategy to promote osteogenesis.89 
For example, Bell et al used a lentiviral vector to deliver 
BMP-2 to human adipose-derived stem cells, resulting in 
enhanced bone formation in a critical-sized rat femoral 
defect model.90-91

Recent advances in genetic engineering have also 
focused on improving the vascularization of engineered 
bone tissues. Park et al employed CRISPR-Cas9 to activate 
the expression of VEGF in MSCs, leading to enhanced 
angiogenesis and bone regeneration.92

Cardiac tissue engineering
Cardiac tissue engineering aims to develop functional 
myocardial tissue for repairing damaged hearts or for in 
vitro disease modeling. Genetic engineering approaches 
have been instrumental in addressing challenges such as 
cardiomyocyte maturation, electrical coupling, and tissue 
vascularization.

One significant application of genetic engineering in 
cardiac tissue engineering is the direct reprogramming 

of fibroblasts into cardiomyocytes. This approach offers 
the potential to convert scar tissue into functional 
myocardium following a cardiac infarction. For instance, 
Zhao et al used a combination of transcription factors 
(Gata4, Mef2c, and Tbx5) delivered via lentiviral vectors 
to reprogram cardiac fibroblasts into cardiomyocyte-
like cells in vivo, improving cardiac function in a mouse 
model of myocardial infarction.93 Genetic engineering 
has also been employed to enhance the maturation 
and functionality of stem cell-derived cardiomyocytes. 
Luo et al used CRISPR-Cas9 to activate the expression 
of SERCA2a, a key regulator of calcium handling, in 
human embryonic stem cell-derived cardiomyocytes. 
This genetic modification resulted in enhanced calcium 
reuptake and contractility, addressing a major limitation 
of stem cell-derived cardiomyocytes for tissue engineering 
applications.94

Beyond cellular function, genetic engineering has 
also been used to improve the electrical properties of 
engineered cardiac tissues. Liao et al used a lentiviral 
vector to overexpress connexin 43 in neonatal rat 
cardiomyocytes, enhancing electrical coupling and 
synchronous contraction in engineered cardiac 
tissues.95,96 This approach demonstrates the potential 
of genetic engineering in creating more physiologically 
relevant tissue constructs. Vascularization of engineered 
cardiac tissues remains a critical challenge, and genetic 
engineering approaches have been applied to address this 
issue. For example, Ye et al used CRISPR-Cas9 to activate 
the expression of VEGF in human induced pluripotent 
stem cells-derived (hiPSC) cardiomyocytes, promoting 

Fig. 3. Applications of genetically engineered cells in tissue engineering, showcasing techniques like gene knockout, CRISPR-Cas9, and transcription factor 
reprogramming to improve tissue regeneration in skin, cardiac, vascular, bone, and neural tissues.
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vascularization and improving the survival of engineered 
cardiac tissues after transplantation in a swine model of 
myocardial infarction.97,98

The integration of genetic engineering with advanced 
biomaterials and fabrication techniques has further 
expanded the possibilities in cardiac tissue engineering. 
For instance, Gao et al combined CRISPR-Cas9-mediated 
gene editing with 3D bioprinting to create personalized 
cardiac tissue patches.99 They engineered hiPSCs to 
express a genetically encoded voltage indicator, allowing 
for non-invasive monitoring of electrical activity in the 
engineered tissues. Within a day, human cardiac muscle 
patch (hCMP) generated calcium transients and beat 
synchronously, with contraction/relaxation speeds and 
transient amplitudes increasing over 7 days. In mice with 
myocardial infarction, hCMPs improved cardiac function, 
reduced infarct size/apoptosis, enhanced vascularization, 
and boosted cell proliferation.100

These applications demonstrate the significant impact 
of genetic engineering on cardiac tissue engineering. 
By precisely manipulating cellular properties and 
cellular functions, genetic engineering approaches 
have enabled the creation of more functional and 
physiologically relevant engineered tissues, bringing us 
closer to addressing critical challenges in regenerative 
medicine, such as the development of fully functional and 
transplantable organs.

Neural tissue engineering
Genetic engineering approaches have significantly 
advanced neural tissue engineering, addressing challenges 
such as limited neuronal regeneration and impaired 
functional integration. Researchers have employed various 
genetic manipulation techniques to enhance neuronal 
differentiation, axon regeneration, and synaptic plasticity. 
Direct reprogramming of somatic cells into neurons is a 
prominent application. Guo et al used a combination of 
transcription factors (Ascl1, Brn2, and Myt1l) delivered 
via lentiviral vectors to reprogram human fibroblasts into 
functional neurons.101,102 This approach offers potential for 
generating patient-specific neurons for cell replacement 
therapies or disease modeling.

CRISPR-Cas9 technology has been utilized to enhance 
the regenerative capacity of neural stem cells. Nori et 
al employed CRISPR-Cas9 to activate the expression 
of neurotrophin-3 (NT-3) in hiPSC-derived neural 
stem cells, resulting in improved neuronal survival and 
functional recovery in a spinal cord injury model.103,104

Moreover, genetic engineering has been applied to 
promote axon regeneration in the central nervous system. 
Axonal damage is an early event in central nervous 
system disorders, leading to permanent deficits due 
to poor regeneration. Using an AAV vector to express 
a dominant-negative form of Unc-51 like autophagy 
activating kinase 1 (ULK1) (AAV.ULK1.DN), Ribas et al 

found it enhances axonal regeneration, neuronal survival, 
and neurite outgrowth. It also promotes axonal protection 
and neurotransmitter sprouting after spinal cord injury.105

Skin tissue engineering
In skin tissue engineering, genetic engineering approaches 
have been employed to enhance wound healing, improve 
skin graft survival, and develop more physiologically 
relevant skin substitutes.

A significant application is the genetic modification 
of keratinocytes to enhance their regenerative potential. 
Hirsch et al used a lentiviral vector to deliver a COL7A1 
transgene to keratinocytes from patients with recessive 
dystrophic epidermolysis bullosa, successfully correcting 
the genetic defect and improving skin function.106

CRISPR-Cas9 technology has been applied to create 
genetically modified skin constructs with enhanced 
properties. Wan et al created a dissolvable microneedle 
patch loaded with CRISPR-Cas9 gene therapy and 
glucocorticoids to target the NLRP3 inflammasome. 
This method allows for precise, localized treatment 
of conditions like psoriasis and atopic dermatitis by 
disrupting the NLRP3 gene, thereby improving sensitivity 
to glucocorticoid therapy. The dual-action approach of 
CRISPR-mediated gene editing and simultaneous drug 
delivery shows promise for enhancing the efficacy of 
treatments for previously uncurable skin disorders.107

Furthermore, genetic engineering has been used to 
enhance the angiogenic potential of engineered skin 
substitutes. Supp et al developed genetically modified skin 
substitutes overexpressing VEGF, leading to improved 
vascularization and graft take in a porcine wound 
model.108,109 

Vascular tissue engineering
Genetic engineering approaches in vascular tissue 
engineering have focused on enhancing endothelial cell 
function, promoting smooth muscle cell differentiation, 
and improving the mechanical properties of engineered 
blood vessels.

One key application is the genetic modification of 
endothelial cells to enhance their anti-thrombogenic 
properties. Zhang et al employed CRISPR-Cas9 via 
nanoparticle delivery to robustly edit endothelial cell gene 
expression in vivo, providing a framework that could 
be adapted to overexpress thrombomodulin and reduce 
thrombosis in tissue-engineered vascular grafts.110

Genetic engineering has also been employed to improve 
the mechanical properties of engineered blood vessels. 
Rothuizen et al used lentiviral vectors to overexpress 
elastin in smooth muscle cells, leading to enhanced 
elasticity and compliance in tissue-engineered vascular 
grafts.

CRISPR-Cas9 technology has been utilized to create 
more physiologically relevant models of vascular disease. 
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Li et al used CRISPR-Cas9 to introduce mutations 
associated with Marfan syndrome in hiPSCs, allowing 
for the development of patient-specific vascular models 
for studying disease mechanisms and testing potential 
therapies.111

The integration of genetic engineering with advanced 
fabrication techniques has further expanded the 
possibilities in vascular tissue engineering. For example, 
Chen et al used single-cell RNA sequencing to profile 
mouse embryonic ECs, alongside CRISPR-Cas9 loss-of-
function in hiPSC-derived arterial and venous ECs.112 This 
revealed 19 EC subtypes, showing arterial and venous ECs 
arise from venous-featured capillary precursors, regulated 
by distinct transcriptional networks, and elucidated EC 
heterogeneity and arteriovenous differentiation.112

Advanced genetic engineering approaches in tissue 
engineering
As the field of tissue engineering advances, researchers are 
exploring increasingly sophisticated genetic engineering 
approaches to enhance cellular function and tissue 
performance. This section emphasizes on cutting-edge 
techniques being applied in tissue engineering.

Epigenetic engineering
Epigenetic engineering involves modifying gene 
expression patterns without altering the DNA sequence 
itself. This approach offers the potential for more subtle 
and reversible control of gene expression over cellular 
behavior in engineered tissues.113

One significant application of epigenetic engineering 
in tissue engineering is the modulation of mesenchymal 
stem cell aging and regenerative capacity through histone 
modifications, enhancing their potential for therapeutic 
tissue repair. Haung et al utilized CRISPR-dCas9 fused 
with histone acetyltransferase p300 to activate NR5A1, 
GATA4, and DMRT1 in human foreskin fibroblasts, 
improving their transdifferentiation into testosterone-
producing Leydig-like cells compared to dCas9-VP64. 
This highlights the potential of epigenetic engineering 
to enhance cell reprogramming for treating male 
hypogonadism.114

In addition to modulating stem cell differentiation, 
epigenetic engineering has also been applied to improve 
the function of mature cells in engineered tissues. Luo 
et al utilized exosome-delivered CRISPR/dCas9-VP64 
to activate pro-quiescence genes in hepatic stellate 
cells (HSCs), reprogramming them from fibrogenic to 
quiescent states.115 By leveraging exosomes for targeted 
delivery, the approach reduced liver fibrosis markers 
in vitro and in vivo, demonstrating a novel strategy to 
reverse fibrotic damage and restore liver function without 
viral vectors or irreversible genome edits. 115

Moreover, epigenetic engineering approaches have 
shown promise in addressing challenges related to cell 

reprogramming and transdifferentiation. Chakraborty 
et al used a combination of CRISPR-dCas9-based 
epigenome editing and traditional transcription factor 
overexpression to activate the endogenous Myod1 gene in 
mouse embryonic fibroblasts, effectively reprogramming 
them into myogenic cells. This approach, which involved 
fusing two transactivation domains to Cas9, significantly 
enhanced gene activation, leading to efficient cell 
phenotype reprogramming.116,117

RNA interference and microRNA-based approaches
RNA interference (RNAi) and microRNA (miRNA)-based 
approaches offer powerful tools for post-transcriptional 
regulation of gene expression in engineered tissues.

In cartilage tissue engineering, Legendre et al successfully 
transfected dedifferentiated chondrocytes with Small 
interfering RNAs (siRNA) targeting COL1A1, achieving 
prolonged gene knockdown in mouse chondrocytes 
within agarose hydrogels and human chondrocytes in 
collagen sponges cultured with BMP-2.118 This approach 
demonstrates the potential of RNAi in preserving cell 
phenotypes in engineered tissues.

Similarly, miRNA-based approaches have also been 
applied to enhance vascularization in engineered 
tissues. Devalliere et al developed a scaffold system for 
controlled delivery of miR-132, promoting angiogenesis 
and improving the survival of engineered tissues after 
implantation.119

Furthermore, combinatorial approaches using 
multiple miRNAs have shown promise in directing 
cell fate. Paolleti et al used a cocktail of miRNAs to 
enhance the direct reprogramming of fibroblasts into 
cardiomyocytes, expanding the possibilities for cardiac 
tissue engineering.120

Optogenetics and chemogenetics for spatiotemporal 
control
Optogenetics and chemogenetics provide unprecedented 
spatiotemporal control over cellular functions in 
engineered tissues, allowing researchers to modulate 
tissue behavior with light or specific chemical compounds.

In cardiac tissue engineering, Williams and Entcheva 
used optogenetic approaches to control the electrical 
activity of cardiomyocytes in engineered heart tissues, 
enabling precise pacing and arrhythmia termination.120 
This approach allows for creating responsive cardiac 
tissues for drug testing or therapeutic applications.

Chemogenetic approaches have also been applied 
in neural tissue engineering. Chen et al used designer 
receptors exclusively activated by designer drugs 
(DREADDs) to modulate the activity of transplanted 
neural progenitor cells in a spinal cord injury model, 
enhancing functional recovery.88

In addition to DREADDs, the integration of 
optogenetics with advanced biomaterials has significantly 
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expanded possibilities for controlling engineered tissues. 
For instance, Hammer et al developed light-responsive 
hydrogels utilizing light-sensing proteins, enabling 
dynamic control over matrix properties and cell behavior 
in 3D tissue constructs.121 Additionally, research on 
photon upconversion hydrogels has demonstrated 
the potential for 3D optogenetics, allowing for precise 
modulation of cellular activities within engineered 
tissues.122 These advancements highlight the potential of 
combining optogenetic tools with responsive biomaterials 
to achieve precise spatiotemporal control in tissue 
engineering applications.

Synthetic biology and gene circuits for smart tissues
Synthetic biology approaches, including the design of 
artificial gene circuits, offer the potential to create "smart" 
engineered tissues capable of sensing and responding to 
environmental cues.

In this context, Saxena et al developed a synthetic gene 
circuit that enables engineered pancreatic β-cells to sense 
glucose levels and produce insulin in a physiologically 
relevant manner, potentially improving glucose 
homeostasis in engineered pancreatic tissues for diabetes 
treatment.123

Beyond glucose sensing, Biomaterial-based delivery of 
synthetic gene circuits has also proven effective in tissue 
engineering applications. Shao et al created a hydrogel 
system for controlled delivery of synthetic transcription 
factors, enabling spatiotemporal control of gene 
expression in engineered tissues.124

Moreover, synthetic biology approaches have been 
applied to enhance the immunomodulatory properties of 
engineered tissues. Pferdehirt et al designed a synthetic 
gene circuit that allows mesenchymal stem cells to 
sense inflammatory signals and respond by producing 
anti-inflammatory factors, potentially improving 
the integration and function of engineered tissues in 
inflammatory environments.125

The integration of these advanced genetic engineering 
approaches with traditional tissue engineering strategies 
holds great promise for creating more sophisticated, 
functional, and responsive engineered tissues. As these 
technologies continue to evolve, they hold significant 
potential for addressing long-standing challenges in tissue 
engineering and regenerative medicine.

Integration of genetic engineering with other tissue 
engineering strategies
The convergence of genetic engineering with advanced 
tissue engineering strategies has led to significant 
advancements in creating complex and functional 
engineered tissues. This integration provides 
unprecedented control over tissue architecture, function, 
and responsiveness to environmental cues.

3D bioprinting with genetically engineered cells
The combination of 3D bioprinting technology and 
genetically engineered cells offers precise spatial control 
over tissue architecture and cellular function. This 
approach allows for the creation of complex tissue 
structures with enhanced regenerative capabilities, 
improved vascularization, and tissue-specific 
functionalities.126 Recent advances have demonstrated 
the potential of this integrated approach in various 
applications, including bone regeneration, vascularized 
tissue constructs, and personalized disease models.127,128

Furthermore, the integration of CRISPR-Cas9 gene 
editing with 3D bioprinting has further expanded the 
potential for creating sophisticated tissue models. This 
combination enables the development of patient-specific 
disease models and the study of genetic disorders in a 
physiologically relevant 3D context.129

Microfluidic systems for genetic manipulation and tissue 
engineering
Microfluidic platforms have revolutionized genetic 
manipulation and tissue culture by providing precise 
control over the cellular microenvironment and enabling 
high-throughput experiments. The integration of genetic 
engineering with microfluidics has facilitated several 
advancements, including the optimization of gene editing 
protocols, the study of gene function in physiologically 
relevant conditions, and the development of advanced 
organ-on-a-chip models.130

These systems allow for continuous delivery of genetic 
manipulation components, real-time monitoring of 
editing efficiency, and the creation of complex tissue 
models with genetically engineered cells. The application 
of microfluidic technologies in combination with genetic 
engineering has significantly advanced the field of disease 
modeling and drug screening.131,132

Biomaterial-mediated gene delivery in tissue engineering
The synergy between genetic engineering and advanced 
biomaterials has led to the development of sophisticated 
systems for controlled and localized gene delivery in 
engineered tissues. These approaches enable simultaneous 
gene editing and tissue regeneration, opening new 
possibilities for in situ tissue engineering and regenerative 
medicine applications.133

Biomaterial-mediated gene delivery systems have 
addressed challenges in transfection efficiency, 
particularly for hard-to-transfect primary cells. These 
systems often incorporate stimuli-responsive elements, 
allowing for spatiotemporal control over gene expression 
in engineered tissues.133

Building on these advancements, the integration of 
biomaterial-mediated gene delivery with other tissue 
engineering strategies, such as 3D bioprinting, has 
further expanded the possibilities for creating complex, 
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multifunctional tissue constructs with enhanced 
regenerative potential.134

Organoid development using genetically engineered cells
The combination of genetic engineering with organoid 
technology has significantly advanced the field of 
developmental biology, disease modeling, and drug 
screening. Genetically engineered organoids provide 
powerful tools for studying complex developmental 
disorders, modeling genetic diseases, and testing potential 
therapies in a physiologically relevant 3D context.135

CRISPR-Cas9 technology is widely used in organoid 
development, enabling the introduction of disease-specific 
mutations, the creation of reporter lines for real-time 
monitoring of cellular processes, and the enhancement of 
organoid functionality.136

The integration of genetic engineering with organoid 
technology has also facilitated the development of more 
sophisticated tissue models for drug screening and 
personalized medicine applications. These advanced 
organoid systems offer improved predictive power for 
drug efficacy and toxicity studies.137

In conclusion, the integration of genetic engineering 
with other advanced tissue engineering strategies has 
opened new avenues for creating more sophisticated, 
functional, and physiologically relevant engineered 
tissues. This synergistic approach is redefining the limits 
in tissue engineering and regenerative medicine, offering 
promising solutions for addressing critical challenges in 
healthcare and biological research.

Challenges and considerations in genetic engineering 
for tissue engineering
While genetic engineering approaches offer immense 
potential for advancing tissue engineering, 

their safe and effective implementation requires 
addressing several challenges and considerations. This 
section discusses key issues related to the application of 
genetic engineering in tissue engineering.

Despite significant advancements, regulatory hurdles 
persist. The classification of gene-edited tissues as 
advanced therapy medicinal products (ATMPs) varies 
across countries, complicating international clinical 
trials. Furthermore, regulatory gaps exist around long-
term safety and monitoring, especially for in vivo gene 
editing. Public perception and ethical debates continue to 
influence the pace of approval and funding.138,139

Off-target effects and safety concerns
One of the primary concerns in genetic engineering for 
tissue engineering is the potential for off-target effects. 
These unintended genomic modifications can lead to 
unforeseen consequences, including altered cellular 
behavior, oncogenic transformations, or immune 
responses.140 Recent advancements in gene-editing 

technologies, such as high-fidelity CRISPR-Cas9 variants, 
have significantly reduced off-target effects, but complete 
elimination remains challenging.141

However, ensuring the safety of genetically engineered 
cells and tissues is paramount for clinical translation. 
Comprehensive genomic and functional analyses are 
necessary to detect potential aberrations and assess long-
term safety.142 Additionally, the development of inducible 
or reversible genetic modification systems may provide 
enhanced control and safety measures for engineered 
tissues.143

Long-term stability and functionality of genetically 
engineered tissues
Maintaining the long-term stability and functionality of 
genetically engineered tissues poses another significant 
challenge. Epigenetic changes, genetic drift, and in vivo 
selective pressures can affect introduced gene expression 
and function over time.144 Strategies to address these issues 
include the use of stable genomic integration techniques, 
selection of appropriate promoters, and the development 
of self-regulating gene circuits.145

Furthermore, ensuring the proper integration 
and function of engineered tissues within the host 
environment is crucial. This includes considerations such 
as vascularization, innervation, and appropriate cellular 
interactions.146 The development of more sophisticated in 
vitro models and advanced imaging techniques can help 
assess and optimize long-term tissue functionality.147

Scalability and reproducibility issues
Translating genetic engineering approaches from small-
scale laboratory experiments to clinically relevant tissue 
engineering applications presents challenges in scalability 
and reproducibility. Variability in cell sources, genetic 
modification efficiencies, and tissue culture conditions 
can impact the consistency of engineered tissues.148

Therefore, addressing these issues requires the 
development of standardized protocols, quality control 
measures, and automation technologies. The integration 
of high-throughput screening methods and machine 
learning algorithms can help optimize genetic engineering 
strategies and improve reproducibility.149 Additionally, 
the development of scalable bioreactor systems and 
advanced manufacturing techniques is essential for 
producing clinical-scale quantities of engineered tissues. 
In this context, the Ambr 250, with its high automation 
and efficiency, serves as a valuable scale-down model, 
supporting process optimization and clone selection 
while minimizing resource utilization.150

Ethical considerations and regulatory landscape
The application of genetic engineering in tissue 
engineering raises important ethical considerations, 
particularly regarding human embryonic stem cells, 
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germline modifications, and the creation of chimeric 
organisms.151 Clear ethical guidelines and public 
engagement are necessary to address these concerns and 
ensure responsible research and development in the field.

The regulatory landscape for genetically engineered 
tissues is complex and evolving. Current regulatory 
frameworks may not be fully equipped to address the 
unique challenges posed by these advanced therapies. 
Harmonization of international regulations, development 
of specific guidelines for genetically engineered tissues, 
and close collaboration between researchers, clinicians, 
and regulatory bodies are crucial for facilitating the 
clinical translation of these technologies.152

Furthermore, issues of intellectual property, data 
sharing, and equitable access to genetically engineered 
tissue therapies require careful consideration to ensure 
broad societal benefit.153

In conclusion, while genetic engineering offers 
tremendous potential for advancing tissue engineering, 
addressing these challenges and considerations is crucial 
for realizing the full promise of these technologies. 
Continued research, interdisciplinary collaboration, 
and ongoing dialogue with stakeholders are essential 
for overcoming these hurdles and translating genetically 
engineered tissue therapies into clinical practice. An 
overview of the gene editing techniques and their 
applications, advantages, and limitations in tissue 
engineering can be found in Table 1.

Future perspectives
The integration of genetic engineering with tissue 
engineering continues to evolve rapidly, offering exciting 
possibilities for addressing unmet medical needs and 
advancing our understanding of biological systems. 
Furthermore, the growing pipeline of commercial 
products and clinical trials underscores the rapid 
translation of genetic engineering technologies into real-
world therapies. This section explores emerging trends 
and future directions in the field.

Emerging technologies in genetic engineering for tissue 
engineering
Recent advancements in genetic engineering technologies 
are expanding the toolkit available for tissue engineering 
applications. Base editing and prime editing techniques 
offer more precise and versatile genome modifications 
with reduced off-target effects compared to traditional 
CRISPR-Cas9 systems.154 These approaches may enable 
correcting disease-causing mutations and fine-tuning 
cellular functions in engineered tissues.

The development of novel delivery methods, such as 
engineered extracellular vesicles and cell-penetrating 
peptides, is improving the efficiency and safety of genetic 
manipulation in various cell types.155 These strategies 
may overcome current limitations in modifying hard-
to-transfect cells and enable more effective in vivo gene 
editing.

Table 1. Overview of gene editing and delivery techniques: applications, target tissues, advantages, and limitations

Technique Application Tissue Advantages Limitations

CRISPR-Cas9
Gene editing, disease modeling, 
enhanced regeneration, multiplex 
editing.

Cartilage, Bone, 
Cardiac, Neural, 
Skin, Vascular

High precision, multiplex editing, 
versatility, base/prime editing 
advancements.

Off-target effects, delivery challenges, 
ethical concerns, transient vs. stable 
expression trade-offs.

TALENs
Precise genome modifications, 
disease modeling, immune cell 
engineering.

Engineered iPSC‐
derived tissues, 
Cancer,

High specificity, low off-target 
effects, suitable for sensitive cell 
types.

Complex design/assembly, less 
efficient than CRISPR, limited 
adoption due to technical complexity.

ZFNs Targeted genome editing, 
immunomodulation.

Regenerative 
approaches

High specificity, established safety 
profile.

Limited target range, complex design, 
largely replaced by CRISPR.

Lentiviral 
vectors
gene delivery

Stable gene delivery, long-term 
expression.

Cartilage, Bone, 
Cardiac, Neural

High transduction efficiency, 
stable integration.

Risk of insertional mutagenesis, 
immune responses, limited payload 
capacity.

AAV gene 
delivery

Axon regeneration, vascular 
grafts, muscle repair.

Neural, Vascular, 
Muscle 

Low immunogenicity, broad 
tropism, FDA-approved for 
multiple therapies.

Limited payload capacity, pre-existing 
immunity in some patients, transient 
expression.

RNA 
interference 
(RNAi)

Suppressed dedifferentiation​And 
Phenotype preservation, anti-
fibrotic therapy.

Cartilage, Liver, 
Cancer

Transient effects, reduced 
genomic integration risk.

Low delivery efficiency, need for 
repeated dosing, off-target mRNA 
silencing.

Synthetic 
gene circuits

Dynamic environmental sensing 
(e.g., glucose regulation, 
inflammation control).

Pancreatic, 
Immune-
modulated tissues

Programmable responses, 
"smart" tissue functionality.

Complexity, potential 
immunogenicity, long-term stability 
concerns.

3D Bioprinting 
+ CRISPR

Personalized tissue constructs, 
vascularized models.

Cardiac, Bone, 
Vascular

Spatial control, integration with 
patient-specific edits.

Scalability challenges, high cost, 
regulatory hurdles for clinical 
translation.

Optogenetics Spatiotemporal control of tissue 
activity. Neural, Cardiac Precise temporal control, non-

invasive modulation.
Requires invasive light delivery, 
limited depth penetration in tissues.

Epigenetic 
engineering

Reversible gene expression 
control, stem cell reprogramming. Bone, Liver, Neural Reversible modifications, avoids 

permanent DNA changes.

Off-target epigenetic effects, 
transient efficacy, complex delivery 
requirements.
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Emerging synthetic biology approaches, including 
the design of artificial genetic circuits and synthetic 
genomes, offer unprecedented control over cellular 
behavior and tissue function.156 These technologies could 
lead to the creation of "smart" engineered tissues capable 
of responding dynamically to environmental cues and 
performing complex biological functions.

Personalized medicine and patient-specific engineered 
tissues
Recent clinical advances demonstrate that the 
convergence of genetic engineering, tissue engineering, 
and personalized medicine is already enabling tailored 
therapeutic approaches. The ability to generate patient-
specific iPSCs and precisely modify their genomes opens 
new avenues for creating personalized tissue grafts with 
enhanced functionality and reduced immunogenicity.157

Beyond personalized tissue grafts, advanced organoid 
technologies combined with genetic engineering are 
enabling the development of patient-specific disease 
models for drug screening and personalized treatment 
strategies.158 These miniature tissue constructs can 
recapitulate complex genetic disorders and provide 
valuable insights into individual disease mechanisms.

The integration of genetic engineering with 3D 
bioprinting technologies facilitates the creation of 
personalized tissue constructs with precise spatial control 
over cellular composition and function.159 This approach 
holds promise for developing custom-designed tissue 
replacements tailored to individual patient needs.

In vivo genetic engineering for tissue regeneration
Direct in vivo genetic engineering for tissue regeneration 
represents an exciting frontier in the field. Advancements 
in targeted delivery systems and tissue-specific gene 
editing approaches are enabling localized genetic 
modifications in native tissues.160 This strategy may allow 
for the stimulation of endogenous repair mechanisms and 
the reprogramming of resident cells to promote tissue 
regeneration.

The development of switchable gene circuits and 
chemically inducible systems offers the potential for 
temporal control over genetic modifications in vivo.161 
These approaches may enable the fine-tuning of 
regenerative processes and provide enhanced safety 
measures for in vivo genetic engineering applications.

Combining in vivo genetic engineering with biomaterial-
based delivery systems is showing promise for controlled 
and sustained genetic manipulation in target tissues.162 
This integrated approach may enhance the efficacy and 
durability of genetic interventions for tissue regeneration.

Combining genetic engineering with stem cell technologies
The synergy between genetic engineering and stem cell 
technologies continues to drive innovation in tissue 

engineering. CRISPR-Cas9 screening approaches are 
facilitating the identification of key regulators of stem 
cell fate and differentiation, providing new targets for 
optimizing tissue-specific cell derivation.163

Genetic engineering strategies are being employed to 
enhance the functionality and survival of stem cell-derived 
tissues. For example, the introduction of anti-apoptotic 
genes or factors promoting vascularization can improve 
the engraftment and long-term viability of transplanted 
tissues.164

Furthermore, the development of genetically engineered 
"universal" stem cell lines, designed to evade immune 
recognition, holds promise for creating off-the-shelf tissue 
products suitable for allogeneic transplantation.165 This 
approach may address challenges related to scalability 
and accessibility of engineered tissues.

In conclusion, genetic engineering in tissue engineering 
has a bright future, with emerging technologies and 
interdisciplinary approaches opening new possibilities for 
creating more sophisticated, functional, and personalized 
engineered tissues. As the field continues to advance, 
addressing ethical considerations, refining regulatory 
frameworks, and ensuring equitable access to these 
technologies will be crucial for realizing their full potential 
in regenerative medicine and beyond. This potential 
is evident in the fascinating studies and commercial 
products that have already emerged in the field Recent 
developments in clinical applications underscore the 
translational potential of genetic engineering. For 
example, CRISPR-based therapies such as CASGEVY 
(exa-cel) for sickle cell disease, Edit-101 for inherited 
retinal diseases, and NTLA-2001 for transthyretin 
amyloidosis have entered clinical trials. These therapies 
represent early real-world validation of the technologies 
discussed in this review. A summary of selected examples 
is included in Table 2.

Conclusion
The integration of genetic engineering approaches with 
cell manipulation-based tissue engineering has ushered in 
a new era of possibilities for regenerative medicine and 
personalized therapies. This narrative review has explored 
the diverse applications, cutting-edge techniques, and 
future perspectives of genetic engineering in tissue 
engineering, highlighting its transformative potential in 
addressing critical challenges in the field.

Throughout this review, we have seen how genetic 
engineering techniques, particularly CRISPR-Cas9 
and its variants, have revolutionized our ability to 
precisely manipulate cellular functions and behaviors. 
These advancements have enabled the creation of more 
sophisticated, functional, and physiologically relevant 
engineered tissues across various applications, including 
cartilage, bone, cardiac, neural, skin, and vascular tissue 
engineering.
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Table 2. Current commercial products and clinical trials of gene editing and therapy technologies

Technique Product Company/ 
Developer Description Application Status Ref

CRISPR-Cas9 CTX131: Anti-CD70 
allogenic CAR-T 

CRISPR 
therapeutics

Designed to enhance CAR-T potency 
and reduce CAR-T exhaustion

Treatment of 
solid tumors and 
hematological 
malignancies

Clinical trials 
(Phase 1/2)

166

CTX320: Lp(a) for 
cardiovascular 
disease

CRISPR 
therapeutics

In vivo gene-editing therapy using lipid 
nanoparticle (LNP) delivery of cas9 
mRNA and gRNA to the liver to reduce 
expression of Lp(a)

Reduce plasma Lp(a) 
levels in humans Clinical trials 167,168

CASGEVY (exa-cel)
CRISPR 
therapeutics & 
vertex

Autologous, ex vivo CRISPR/Cas9 
gene-editing therapy to produce fetal 
hemoglobin in red blood cells.

Treatment of sickle 
cell disease and beta-
thalassemia.

FDA-approved 
(2023)

169

Edit-101 Editas Medicine In vivo CRISPR therapy for retinal 
degeneration (LCA10)

Repairs Retinal Tissue 
Via Gene Editing

Clinical trials 
(Phase 1/2)

170,171

Nexiguran 
Ziclumeran (NTLA-
2001)

Intellia 
therapeutics

In vivo CRISPR therapy targeting the 
gene encoding transthyretin (TTR), 
reducing serum TTR levels.

Treatment for 
transthyretin 
amyloidosis.

Clinical trials 
(Phase 1)

172,173

TALENs UCART19 Cellectis
TALEN-edited allogeneic CAR-T cells for 
leukemia, modifying immune cells for 
tissue repair.

Leukemia treatment, 
immune tissue repair.

Clinical trials 
(Phase 1)

174,175

Cemacabtagene 
Ansegedleucel 
(Allo-501a)

Allogene 
Therapeutics 
& Cellectis

Anti-CD19 allogeneic CAR-T product for 
large B-cell lymphoma (LBCL).

Treatment for early 
diagnosed LBCL.

Clinical trials 
(Phase 1/2)

176

 CYT001 Cytlimic & nec 
corp

A novel cancer vaccine using AI-
designed TALEN-edited T-cells targeting 
solid tumors.

Enhances immune 
response against 
cancer cells

Clinical trials 
(Phase 1)

177

ZFNs SB-318 Sangamo 
Therapeutics

ZFN Therapy For MPS I Via Liver Gene 
Editing.

Liver tissue function 
improvement.

Clinical trials 
(Phase 1/2)

178

SB-FIX Sangamo 
therapeutics

ZFN therapy for hemophilia B, editing 
hepatocytes DNA under the control of 
the albumin promoter.

Blood-related tissue 
repair.

Clinical trials 
(Phase 1/2)

179

SB-728 University of 
pennsylvania

ZFNs used to genetically modify 
autologous T-cells by removing CCR5 
protein to prevent HIV entry.

Enhances immune 
function and prolongs 
CD4 + T-cell survival.

Clinical trials 
(Phase 1)
completed

180

Isaralgagene 
civaparvovec 
(ST-920)

Sangamo 
Therapeutics

A liver-targeted ZFN-mediated and 
AAV2/8-mediated vector carrying the 
cDNA for human α-Gal

Improves kidney/
heart tissue function

Clinical trials 
(Phase 1/2)

181-183

Lentiviral 
vectors
gene delivery

AVXS-101 
(Zolgensma)

Novartis 
Pharmaceuticals

Lentiviral vector delivering the SMN 
gene to treat SMA by replacing the 
missing SMN1 gene.

Treatment of spinal 
muscular atrophy 
(SMA).

FDA-approved 
(2019)
Clinical trials 
(Phase 3 long-term 
follow-up)

184,185

CTL019 (kymriahtm) Novartis 
Pharmaceuticals

Lentiviral vectors engineering T-cells 
for cancer, particularly B-cell acute 
lymphoblastic leukemia (ALL).

Immune cell 
modification for B-cell 
ALL.

FDA-approved 
(2017)

186-188

Axicabtagene 
Ciloleucel 
(YESCARTA)

Kite pharma

Lentiviral vector-based CAR-T therapy 
modifies patient T-cells to create CAR-T 
cells, activating T-cell proliferation, 
cytokine release, and apoptosis of 
CD19-expressing cancer cells in large 
B-cell lymphoma.

Enhances immune 
tissue mechanisms 
and cancer treatment.

FDA-approved 
(2017)

189,190

AAV gene 
delivery Luxturna Spark 

Therapeutics

AAV2 vector delivering RPE65 gene for 
retinal dystrophy, replacing the mutated 
gene.

Retinal tissue function 
restoration.

FDA-approved 
(2017)

191,192

ELEVIDYS (SRP-
9001)

Sarepta 
therapeutics

AAV therapy delivering a gene encoding 
micro-dystrophin for Duchenne 
muscular dystrophy, restoring 
dystrophin expression.

Treatment of 
duchenne muscular 
dystrophy 

FDA-approved 
(2023)

193,194

Hemgenix CSL Behring
AAV5 vector delivering the FIX gene to 
treat hemophilia B, promoting long-
term clotting factor production.

Blood tissue 
regeneration for 
hemophilia B.

FDA-approved 
(2022),Ongoing 
observational 
study (2023-2043)

195,196



Mohammadi et al

   BioImpacts. 2025;15:30973 15

The integration of genetic engineering with other 
advanced technologies, such as 3D bioprinting, 
microfluidics, and biomaterial-mediated gene delivery, 
has further expanded the possibilities for creating 
complex tissue constructs with enhanced functionality. 
These synergistic approaches offer unprecedented 
control over tissue architecture, cellular composition, 
and spatiotemporal gene expression, paving the way for 
more accurate disease models and improved therapeutic 
outcomes.

Emerging technologies in genetic engineering, such as 
base editing and prime editing, hold promise for even 
more precise and versatile genome modifications with 
reduced off-target effects. The development of synthetic 
biology approaches and artificial genetic circuits offers 
the potential to create "smart" engineered tissues capable 
of responding dynamically to environmental cues and 

performing complex biological functions.
The convergence of genetic engineering, tissue 

engineering, and personalized medicine is opening new 
avenues for tailored therapeutic approaches. Patient-
specific engineered tissues, derived from genetically 
modified induced pluripotent stem cells, have the potential 
to revolutionize transplantation medicine by providing 
immunocompatible grafts with enhanced functionality. 
Moreover, the application of genetic engineering in 
organoid development is facilitating the creation of 
more accurate disease models for drug screening and 
personalized treatment strategies.

Despite these remarkable advancements, several 
challenges remain to be addressed. Off-target effects, 
long-term stability of genetic modifications, scalability, 
and reproducibility issues continue to be areas of active 
research. The development of more sophisticated in vitro 

Table 2. Continued.

Technique Product Company/ 
Developer Description Application Status Ref

RNA 
interference 
(RNAi)

Onpattro 
(patisiran)

Alnylam 
pharmaceuticals

siRNA therapy targeting transthyretin 
(TTR) to silence the mutated TTR gene, 
reducing amyloid deposits that cause 
organ damage in amyloidosis patients.

Promotes liver tissue 
health by using lipid 
nanoparticles to 
deliver siRNA directly 
to the liver.

FDA-approved 
(2018)

197,198

Leqvio (inclisiran) Novartis
Long-acting siRNA targeting and 
reducing PCSK9 production in the liver 
for hypercholesterolemia.

Vascular tissue 
maintenance and LDL 
cholesterol reduction.

FDA-approved 
(2021)

199,200

Givosiran Alnylam 
Pharmaceuticals

siRNA therapy for acute hepatic 
porphyria, silencing ALAS1 expression 
to decrease porphyrin precursors.

Enhances liver tissue 
function, reducing 
attack frequency.

FDA-approved 
(2019) 201,202

Synthetic 
gene circuits Synnotch receptor 

Okada Lab, 
University of 
California

Synthetic receptor system for 
programmable cell behavior, enhancing 
specificity and tumor cell killing.

Tumor-specific CAR-T 
for glioblastoma in 
preclinical models.

Clinical trials 
(Phase 1)

203,204

Logic-gated CAR-T 
(SENTI-202)

Senti 
biosciences

Targeting CD33 and/or FLT3 in 
hematological malignancies with 
an inhibitory CAR (iCAR) for tissue 
protection.

Enhances tissue-
specific immune.

Clinical trials 
(Phase 1)

205,206

3D 
Bioprinting + 
CRISPR

Organovo tissue 
models Organovo Bioprinted tissues with CRISPR-modified 

cells (e.g., liver).

Mimics native tissue 
structure, making it 
ideal for toxicology 
and disease modeling.

Commercially 
available

207

3d Bioprinted 
LNO (Lymph Node 
Organoids)

Prellis Biologics

Via two-photon holography bioprinter 
enable to generate lymph node 
organoids, which recapture the complex 
biology of immune responses

In vitro High-
resolution bioprinting 
with gene-edited cells

Research and 
development

208

Full-stack
Tissue therapeutic
Platform

Aspect 
biosystems

a platform designed to develop 
implantable tissues, offering 
transformative potential for treating 
severe metabolic and endocrine 
disorders.

Supports tissue model 
development

Research/
Commercial tools

209

Optogenetics Neurolux 
optogenetics kits Neurolux Implantable optogenetic devices for 

neural tissue stimulation
Neural tissue 
regulation.

Commercially 
available

210,211

Channelrhodopsin 
tools Thorlabs Optogenetic tools for precise neural 

tissue manipulation.
Enables precise neural 
tissue manipulation

Commercially 
available

212

Epigenetic 
engineering Tempo platforms Tune 

therapeutics

Epigenetic editing platform for chronic 
diseases, enabling gene silencing and 
modulation.

Chronic disease 
treatment via gene 
modulation.

Pre-clinical 213,214

PCSK9 epigenetic 
editor platform

Chroma 
medicine

Epigenetic editing platform for 
silencing/activating PCSK9 genes to 
maintain reduced LDL-C levels.

Long-term LDL-C 
regulation and 
cardiovascular health.

Pre-clinical 215,216
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models, advanced imaging techniques, and standardized 
protocols will be crucial for overcoming these hurdles and 
translating genetically engineered tissue therapies into 
clinical practice.

The ethical implications and regulatory landscape 
surrounding genetically engineered cells for tissue 
engineering applications require careful consideration. 
As the field progresses, it is essential to maintain an open 
dialogue between researchers, clinicians, policymakers, 
and the public to ensure responsible development and 
implementation of these technologies.

Looking to the future, in vivo genetic engineering 
for tissue regeneration represents an exciting frontier, 
offering the potential for localized and controlled 
genetic modifications to stimulate endogenous repair 
mechanisms. The combination of genetic engineering 
with stem cell technologies continues to drive innovation, 
promising the development of off-the-shelf tissue 
products and improved engraftment strategies.

In conclusion, genetic engineering approaches have 
become indispensable tools in cell manipulation-based 
tissue engineering, offering unprecedented control 
over cellular function and tissue development. As these 
technologies continue to evolve and integrate with other 
advanced approaches, they hold immense potential 
for addressing unmet medical needs, advancing our 
understanding of biological systems, and revolutionizing 
regenerative medicine. While challenges remain, the 
rapid pace of innovation in this field suggests a future 
where personalized, genetically engineered tissue 
therapies become a reality, fundamentally transforming 
the landscape of healthcare and tissue engineering.
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