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ABSTRACT 
Genetic engineering, empowered by revolutionary technologies like CRISPR/Cas9, has fundamentally 
reshaped modern biology and biotechnology. This paper examines the origins, mechanisms, and wide-
ranging applications of CRISPR technology, from precision medicine to agricultural innovation. It 
examines the ethical considerations, regulatory frameworks, and societal impacts surrounding the use of 
genome editing tools. Key advances in high-throughput editing, base editing, and RNA targeting are 
discussed alongside the challenges posed by off-target effects and delivery system limitations. The review 
also delves into case studies showcasing CRISPR's practical applications in health, agriculture, and 
fundamental research. Finally, the paper contemplates the philosophical and ethical implications of editing 
life at its most basic level and projects the future trajectory of genetic engineering in a world increasingly 
intertwined with biotechnology. 
Keywords: CRISPR/Cas9, Genetic Engineering, Genome Editing, Gene Therapy, Biotechnology, 

Bioethics, Agricultural Biotechnology. 

INTRODUCTION 
Genetic engineering uses molecular biology to modify DNA sequences in genomes. Modifications can be 
minor or significant, classified into two outcomes: changes in gene expression (knockout and knock in) 
and the addition or removal of genetic elements (insertions and deletions). The choice of delivery 
modality is crucial as multiple methods may yield different results. This text reviews CRISPR/Cas9 
technology, focusing on successful knock-in modifications in higher organisms, which require 
chromosome breaks, efficient homology-directed repair, and reliable gene targeting assessment methods. 
Effective delivery of genetic materials plays a critical role in these experiments, as the timing and method 
can affect the success of gene modifications. Optimizing delivery modalities is essential in maximizing 
engineering success. While some principles of genetic engineering remain constant, such as the need for a 
chromosome break in genetic manipulations and the limited reproductive fitness of cells with 
chromosomal truncations, others may evolve with technological advancements. Overall, understanding 
these principles is vital for successful gene targeting and engineering [1, 2]. 

Overview of CRISPR Technology 
Gene editing is on the brink of a revolution in terms of medicine, you could say the ‘God’ of 
biotechnology! CRISPR stands for the Clustered Regularly Interspaced Short Palindromic Repeats. 
These are stretches of repetitive DNA sequences in bacteria that contain ‘memory’ of past viral attacks, 
used as defense machinery against attacking viruses. It is now mainly used in the form of a protein RNA 
complex known as Cas9 that cuts the target double-stranded DNA in a site-specific manner. The other 
proteins in the CRISPR system are used for base editing, nicking DNA, transcribing, methylation, 
ligating, and even epigenetic reprogramming. RNA sequence-guided programmable genome editing is 
indeed the greatest discovery in molecular biology since the invention of the polymerase chain reaction. 
CRISPR is now the most popular and commonly used gene editing tool beyond the lab or school. It’s no 
surprise that it raised ethical concerns after being seen as a ‘designer’ tool in genetics. Before discussing 
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the promise of CRISPR-based therapies, bio-systematic research, and legal aspects, the review discusses 
the principles and potential applications of the CRISPR-based technology, including modification of 
transcriptional activation/repression, epigenetic change, RNA editing and imaging, epigenetic probing, 
and even whole-genome mapping. CRISPR's ‘immunity’ has stimulated interest among disciplines in 
DNA repair systems beyond microorganisms. CRISPR-cas9 science has remained hot for nearly a decade 
since its classification as anti-viral machinery. The elegance of trans-acting tracrRNA to guide cutting in 
DNA bloodstream seems to be a scientific discovery made by the first successful laser in physics history. 
CRISPR technology is a world-changing and transformative to many areas of life sciences, biotechnology, 
molecular biology, cancer research, biomarker discovery, gene discovery, breeding, both biology and 
breeding 4.0, etc. This review focuses on the newest and hottest areas in basic and applied research, 
outweighing the challenge of secondary modification of gene editing in many important and emerging 
areas, including RNA-guided GFP imaging of RNA probe in live cells in real time using CRISPR 
technology. CRISPR technology can advance understanding of many unanswered biology questions and 
hold promise for scientific advancement, drug discovery, and biomedical research [3, 4]. 

Mechanism of CRISPR-CAS9 

CRISPR-Cas9: The Mechanism of Editing DNA. The CRISPR-Cas9 system comprises a guide RNA 
(gRNA) complementary to a 20-nucleotide target DNA sequence and the Cas9 nuclease. When the 
gRNA-Cas9 complex is introduced into the cell, it scans the cellular genome until it finds a sequence that 
matches the gRNA. When hybridization occurs, the Cas9 cuts the DNA and creates a double-stranded 
break immediately upstream of a short motif known as PAM (protospacer adjacent motif). The double-
stranded breaks can subsequently be repaired by either nonhomologous end joining or homology-directed 
repair. The repair template is introduced via the transfection of a single-stranded oligonucleotide or a 
double-stranded DNA donor. By differentially engineering these two pathways, it is possible to create 
frameshift mutations or precise edits. The ability to introduce carefully designed, specific, and permanent 
genetic modification to many organisms has changed life sciences in less than 10 years [5, 6]. 

Applications of CRISPR In Medicine 

Since its inception, CRISPR and its associated proteins have been extensively used in research in multiple 
organisms, resulting in the successful completion of more than 2000 projects registered with the 
International Nucleotide Sequence Database Collaboration consortium, the development of a number of 
commercial kits and platforms to expedite the utilization of this technology and even endowing Nobel 
prizes to several scientists for their invention, development and application of this unique molecular 
technology. Despite the many achievements of CRISPR over the last decade, its application in humans is 
still in its infancy, with a very restricted number of ventures due to a plethora of ethical, technical, and 
economic concerns. The obvious applications are gene editing of inherited genetic defects, or those that 
contribute to somatic diseases. Editing a defective gene in patients, or reversing the ‘onco’-status of a 
cancer gene, is the most attractive use of this technology. More broadly, basic stem cell research, 
including differentiation and targeting cellular therapies, either cellular repair or cellular-based therapies, 
would benefit enormously from the in vivo and ex vivo use of CRISPR. During the past few years, there 
has been tremendous progress in gene editing of human embryos. A few cases in China using 2 - 3 cell 
stage embryos for correcting single gene defects were reported. There is also a case in the US where 
human embryos were edited for genotyping ‘Bailey’, conferring the resistance to hypertrophic 
cardiomyopathy spotted among some breeds of dogs. In addition to human embryos, other targets such as 
sheep and goats have also seen some success. The Cas9 proteins from different species are constantly 
being ‘recruited’ for unwanted off-target activity, and a variety of evolved Cas9 proteins have displayed 
much improved efficiency and specificity. Base editors were shown to convert an adenosine to inosine in 
adenosine deamination reactions, resulting in A-tos-C mutations with high efficiency and specificity. 
BRCA1 4 - 6 bp deletion repairs were successfully achieved using ABE technology. Many associated ABE 
and DBE were developed [7, 8]. 

Applications of CRISPR in Agriculture 

Despite a cautious start, many countries, including the USA, Canada, Brazil, and Japan, are developing 
regulations for CRISPR in agriculture. These nations have issued guidelines for regulators and academia 
on agricultural biotechnology, and scientific communities largely support the definitions surrounding 
genome editing technologies like CRISPR. Confidence in these scientific positions is pivotal for 
governments to make informed decisions, free from social pressures. However, when governments 
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neglect the scientific community, regulations may become restrictive. Recent regulations in these 
countries could lead to varying decisions, potentially disadvantaging some nations. Edge cases, such as 
using deactivated Cas nuclease, aim to exempt products from regulation but overlap with other scenarios, 
like double-strand nicks. Moreover, coin reporter systems that enable genomic alterations may not fit 
current regulations. As biotechnology evolves, unexpected regulatory cases are likely, leading to a 
persistent tension between unrestricted product releases and regulation. This imbalance is heightened by 
the minimal changes resulting from in vitro random sequence variations, which often escape concerns 
regarding intellectual property. CRISPR edits tend to behave like wild types, lacking noticeable 
differences at first glance [9, 10]. 

Ethical Considerations in Genetic Engineering 
The ability to alter human genetic make-up has sparked fascination and concern due to its potential to 
eliminate congenital diseases and enhance human capabilities. A significant breakthrough in genetic 
engineering is the CRISPR system, which uses RNA sequences to scan and cut DNA segments. This 
technology opens new avenues for biological research but raises ethical issues, particularly regarding 
misuse. The accessibility of DNA modification technology poses risks, leading to discussions about 
bioweapons and bioterrorism. The creation of engineered pathogens could result in catastrophic events, 
prompting the need for regulations to prevent such bio-crimes. However, DNA manipulation also holds 
potential benefits for curing diseases and improving agriculture, as seen in advancements like cholesterol-
lowering drugs and disease-resistant crops. Therefore, controlling DNA manipulation is essential to 
prevent misuse while allowing beneficial research to continue. This monitoring poses challenges that 
require significant resources, especially with the rapid evolution of technology. A regulatory framework 
must find a balance between preventing misuse and encouraging beneficial advancements, making this 
balance vital with the emergence of powerful technologies [11, 12]. 

Regulatory Framework for Genetic Engineering 
The development of gene-editing technologies such as CRISPR/Cas has enabled significant advances in 
fundamental research and biotechnology. However, these technologies also pose societal risks such as 
unintended safety issues, and environmental or ethical concerns regarding the allocation of research 
funds. A regulatory framework should consider which genetic technologies are emerging and how 
regulation should be implemented to account for the uncertain and rapidly changing pace of science and 
technology concerning potential societal implications. The framework should consider the global 
challenges to be addressed in regulating emerging science and technology, e.g., the responsibility to 
maintain biodiversity and counteract adverse human interventions. The regulation should be 
international while allowing for local adaptation, especially concerning the ethical considerations 
involved. Law and regulations must be able to address ethical considerations, such as the right to abstain 
from technological development on ethical grounds. Precautionary measures must take into account 
reasonable precaution and proportionality regarding temporary uncertainty about risk. Precautions must 
never be so strict as to preclude scientific development except, perhaps, in the most extreme cases of risk. 
Regulations can be applied that are less strict than the suggested ones, including market-based ones, but 
then there must be individual and collective evaluations of the risk versus the benefits of the emerging 
technology. Safety issues of emerging technology should also be evaluated through collective risk versus 
benefit evaluations, for which voted legislation applies, for unsuccessful legislation to be amended by 
gradual improvement. The regulation of technology should also include reviews of the concrete 
implementation of safety measures, as well as mechanisms to bring it about. Finally, the flexibility of 
regulation is crucial while aiming at preserving the precautionary function of regulation [13, 14]. 

Future Prospects of Genetic Engineering 
CRISPR/Cas9, discovered in 2013, revolutionized genome-editing-based approaches and made genome 
manipulation a common laboratory tool. The CRISPR/Cas9 is one of the most extraordinary, flexible, 
versatile, programmable, and efficient tools invented to date, which has grown faster than any sequencing 
platform and has given birth to different CRISPR-based approaches. Various high-throughput CRISPR 
methods have evolved rapidly to facilitate screenings for the identification of genes involved in different 
aspects of biology and disease modeling. Another important focus of high-throughput CRISPR 
applications is large-scale library preparations for multiplexed genome editing, modification of mRNA, 
RNA-guided transcriptional activation or suppression, screening of rare allele germline transmission, 
mating mouse lines, multiplex editing in 3D or organoid models, and more. Bioengineering approaches 
have also created efficient CRISPR delivery methods. The CRISPR technology, since its discovery, has 
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come a long way. CRISPR has the potential to transform gene editing approaches in medicine and 
biotechnology from human gene therapy to deepening understanding of the genome architecture and 
gene regulation. CRISPR is being used by researchers from diverse scientific areas such as agriculture, 
biotechnology, medicine, pharmaceutical drug discovery, molecular biology, synthetic biology, and many 
other fields in science to promote their investigations. This rapidly evolving field is likely to develop and 
witness exciting applications on the horizon. Though ethical concerns about gene editing applications in 
humans, bioengineering, and gene drives have emerged, the ingenious nature of the living world is the 
most amazing puzzle for scientists. Great scientific discoveries challenge our understanding of the natural 
world, its processes, and implications. The current knowledge of the molecular biology of the living world 
favors making unprecedented changes by the knowledge that is obtained through conditioned approaches 
and logic, and neuroscience is believed to be the basis of cognition in any living organism that might also 
harbor a perception of God, skepticism, actions, and freewill. These questions may shake the 
understanding of life in its current form. The role of God and free will in a world governed by 
mathematics and deterministic physical laws is the most pondered paradox. Conversely, life as 
information stored in a bit in a complex way is emerging to challenge the questions: What happens to 
that information after death? Would that information be reenacted in another form? Would that form 
perceive God? How do thoughts, actions, freewill, instincts, emotions, cardias, hormonal responses, 
ecstasies, aspects of personality, and more originate from a spatially homogenous matrix containing three 
naturally abundant elements, structural molecules? [15, 16]. 

Challenges and Limitations of CRISPR 
Potential Limitations. With CRISPR, there is excitement surrounding this new genome editing 
technology born out of several natural systems that offer a revolutionary new path for altering the 
genome of organisms with high specificity and efficiency. However, there are several limitations posed by 
this highly potent technology. These range from challenges such as off-target effects, limited range of the 
nucleases employed, and delivery methods, all of which interfere with the CRISPR technology's ability to 
fully expand into the areas of mammalian systems and human therapeutics. The CRISPR/Cas9 and RNA-
guided systems have gained popularity in recent years as tools for genome editing, but many challenges 
remain in optimizing their use for a given organism. Moreover, potential off-target effects of these 
nucleases necessitate a thorough understanding of Cas9 specificity. A general strategy for studying off-
targets involves identifying a region around the designed target using sequencing, then removing the 
Cas9 or gRNA component to isolate the target before comparing it against CRISPR and non-CRISPR 
controls. While initial work has focused on understanding specificity in E. coli, studies are underway to 
use ddPCR to quantify off-target cleavage in mammals. However, enough remains unknown about 
CRISPR/Cas9 off-targets to understand its full concerns, feasibility, and applicability. With 
CRISPR/Cas9 use in mammalian systems growing, a similar response will be required. Furthermore, new 
CRISPR systems are being discovered that should broaden the number of organisms that can be targeted. 
The CRISPR/Cas9 system's widespread use in mammalian cells has provoked significant research into 
optimizing gRNA design, ranges, and delivery. Several groups have mechanistically probed the 
CRISPR/Cas9 system in detail, including genome-wide studies that have evaluated the quality of 
individual gRNAs, synthesis of an ortholog with programmable active range, cellular compartment-based 
Cas9-RNP delivery, and CRISPR interferences against chromatin architecture formation for high-fidelity 
gene activation. Additionally, new advances are on the horizon to overcome many of these engineering 
challenges, paving the way for CRISPR to reach a much broader range of applications. But with 
unprecedented editing power comes an equal level of responsibility and concern on behalf of the public 
and governing bodies. A public dialogue is beginning to surround engineered modification of human 
embryos and germline edits that would alter future generations of humans. Meanwhile, governing bodies 
must wrestle with how to regulate and legislate such rapidly advancing technologies that touch on ethics, 
law, and science [17, 18]. 

Case Studies in CRISPR Research 
CRISPR/Cas9 technology has aroused tremendous interest as a highly powerful tool for genome editing 
and gene regulation. In fact, CRISPR/Cas9 was selected as one of the top scientific breakthroughs in 
2013. As with other technologies, CRISPR/Cas9 is now widely investigated in the application of 
molecular biology, cell biology, developmental biology, and species conservation. This paper presents 
some of the recent model organisms, species, and application fields where CRISPR/Cas9 has been 
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employed with an emphasis on the focus of the case studies, including algae, insects, fish, mammals, and 
microorganisms. Gene editing tools, CRISPR and Cas9, have emerged as revolutionary methods for gene 
knockout, knock-in, or transcriptional regulation to dissect gene functions in vivo in laboratory animals 
and thus provide a great opportunity for the study of pain and pain modulation mechanisms. Recent 
studies showed the successful generation and characterization of gene knockout mouse models of pain-
related genes, in which an effective targeting vector was constructed to knock out genes by CRISPR and 
Cas9 systems and to demonstrate a role for phospholipase C beta 4 in promoting hyperalgesic priming in 
a mouse model of neuropathic pain. These compiled reviews start from an introduction of the 
CRISPR/Cas9 technology, providing an overview of the principle and implications of the technology and 
its application to study pain with a focus on rodent models, and finally provide perspectives towards new 
avenues to apply non-mammalian animal models or to utilize additional CRISPR/Cas9 components 
beyond standard Cas9 and Cas9n. This review summarizes the recent progress in the application of 
CRISPR/Cas9 technology in modeling invertebrate diseases. By providing an overview, the review is 
highly valuable for the researcher community and would be useful for further applications in vertebrate 
species, including zebrafish and Xenopus, which are also highlighted [19, 20]. 

Public Perception of Genetic Engineering 

As gene editing of human germline cells and embryos advances, public discussion intensifies. Media 
coverage fosters ongoing debate driven by fears and hopes. Many perceive gene editing as a Pandora’s 
box that should remain closed, leading to what some describe as a "moral panic." This state arises when 
emerging technologies threaten valued social norms and lifestyles, though such controversies often fade 
as science progresses. The disconnect between public and expert perceptions regarding the pace of 
scientific developments fuels concern. The introduction of bioengineering in gastronomy exacerbates 
fears about human germline editing. Progress in heritable gene editing pressures policymakers to 
establish regulations, highlighting the need to study public perception. Individual views shape discourse; 
if substantial public concerns aren’t addressed, discussions among regulators, scientists, and media may 
miss key issues. Research identifies eight categories of social concerns that hinder acceptance: social 
justice, diversity, unification, conformity, unforeseen negative consequences, social divide, insider-outsider 
disputes, and unattainable expectations. Prior studies have noted that some concerns are more pressing 
than previously thought, focusing on the interplay between humanity and the environment. Emphasizing 
perceptions of technological possibilities can influence expectations, potentially framing discussions as 
either utopian or dystopian. Such debates should examine the acceptance and rejection of applications, 
alongside lay expectations for new technology. Understanding potential outcomes is essential for guiding 
acceptance discussions, particularly regarding humanity's unique ability to edit genomes and the 
implications of directing evolution [21, 22]. 

Education and Outreach in Genetic Engineering 
Education on genetic engineering, CRISPR, and/or synthetic biology has largely focused on the bioethics 
topic. However, educating high school students about the scientific basis of these biotechnologies must 
also be emphasized. To apply moral reasoning to these issues, students must first understand the science 
behind the specific technology. This kind of science outreach and education is becoming increasingly 
important in high school curricula. It can better prepare students to advocate for the appropriate use of 
these tools. Providing hands-on experiments that model the use of sensitive gene editing biotechnologies 
in a high school lab setting represents an excellent opportunity to accommodate this need in the 
educational community. Other topics relevant to genetic engineering education at this level include the 
types of projects that scientists are capable of pursuing with these new tools, the ethical questions such 
projects must address, the regulation of access, and patents on a created technology and product. Efforts 
to educate the next generation of scientists about the newest genome engineering technologies should 
take seriously students’ educational background with regards to CRISPR technologies. CRISPR-based 
laboratory experiments developed for high school students utilize S. pyogenes Cas9 (SpCas9) to install 
double-stranded DNA breaks in genes of interest in E. coli. Because BEs don't introduce double-stranded 
breaks in the genome, this previously developed protocol could be reformulated to demonstrate the 
workings of a different class of genome editing tools. In addition, the most prominent benefit of the BE 
class of genome editing tools is their ability to edit genomic content at the single-nucleotide level. 
However, the facilitators of this program decided to adopt an activity that was more similar to a CRISPR-
based experiment with regard to the design of a more basic, proof-of-principle system that accomplishes 
precision genome editing on the detection level [23, 24]. 
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Interdisciplinary Approaches to Genetic Engineering 
The ongoing development of genetic engineering tools raises significant legal, regulatory, and ethical 
challenges. These debates encompass a range of molecular biology tools beyond just gene editing, 
including gene delivery vehicles and genome-targeting systems. This has led to multidisciplinary teams 
addressing the conflicts between scientific advancements and societal concerns. Current discussions 
highlight the need for alignment between scientific progress and societal implications. The benefits and 
risks of genetic engineering have sparked political, ethical, cultural, social, and economic analyses and 
regulatory efforts. Biologists, lawyers, and normative scholars are striving to shape the future of genetic 
engineering, focusing on enhancing coordination through Multi-Stakeholder Platforms, research 
guidelines, public engagement, and patenting standards. Additionally, diverse scientific cultures face 
challenges and potential conflicts regarding the legal and ethical landscapes of these developments. The 
emergence of new genetic engineering tools prompts fresh inquiries into related legal, ethical, and 
societal issues. Thus, establishing a common framework for addressing these challenges is essential, 
particularly when considering the unintended consequences of gene editing, such as cancer risks and 
herbicide resistance. Determining the regulation of these effects is a crucial question moving forward [25, 
26]. 

CONCLUSION 
CRISPR/Cas9 has ushered in a new era of genetic engineering, providing unprecedented precision, 
efficiency, and accessibility in genome editing. Its applications span medicine, agriculture, environmental 
science, and basic biological research, offering transformative possibilities to address some of humanity’s 
greatest challenges. However, with such profound capabilities come equally significant ethical, technical, 
and regulatory responsibilities. As research advances and new CRISPR-based technologies emerge, 
society must balance innovation with precaution to ensure equitable, safe, and morally sound applications 
of genetic engineering. The future of CRISPR and related technologies promises extraordinary 
breakthroughs but also demands thoughtful stewardship to navigate the complex intersection of science, 
ethics, and society. 
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