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Abstract
[bookmark: _Hlk193287681]The CRISPR-Cas system has significantly transformed the fields of genome editing and microbial diagnostics, providing remarkable precision and versatility in genetic manipulation. Initially identified as an adaptive immune mechanism in prokaryotic organisms, CRISPR-Cas technology has been effectively utilized for targeted gene editing, transcriptional regulation, and advanced diagnostic applications. Central to these advancements is the design of single-guide RNA (sgRNA), which is critical for ensuring the specificity and efficiency of CRISPR-based interventions. Recent computational approaches have facilitated the optimization of sgRNA sequences, thereby enhancing target recognition and minimizing off-target effects. In the area of diagnostics, CRISPR-Cas platforms, such as Cas12 and Cas13, have enabled the rapid and highly sensitive detection of microbial pathogens, genetic mutations, and antibiotic-resistance genes. The integration of CRISPR with biosensors and microfluidic devices has further augmented its applicability in point-of-care testing, rendering it a valuable tool in clinical environments. Beyond diagnostics, CRISPR-based therapeutics are emerging as transformative solutions for addressing microbial infections and genetic disorders. Through the precise targeting of pathogenic genes or the modulation of immune responses, CRISPR represents a promising avenue for the advancement of precision medicine. Developments in delivery systems, including lipid nanoparticles and viral vectors, have further improved the efficiency and efficacy of CRISPR therapeutics. This chapter examines the fundamental principles underlying sgRNA design, explores computational strategies for enhancing CRISPR specificity, and outlines recent breakthroughs in CRISPR-based diagnostics and therapeutics. Addressing current challenges and future prospects underscores the potential of CRISPR technology to decode microbial genetics and advance medical applications. The findings presented herein emphasize the essential role of in silico methodologies in developing immunogenic live therapeutics. This establishes a foundation for future in vitro and in vivo applications in cancer treatment and infectious disease management.
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I. Introduction
The advent of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and the associated CRISPR-associated proteins (Cas) has profoundly transformed the landscape of genome editing and microbial diagnostics, marking a significant milestone in biotechnology (1). Initially identified as a sophisticated adaptive immune mechanism in prokaryotic organisms, CRISPR-Cas technology has been ingeniously repurposed to facilitate precise and targeted gene editing, as well as to regulate gene expression with remarkable accuracy (2,3). At the core of this innovative technology is the design of single-guide RNA (sgRNA), which plays a pivotal role in determining the efficiency, specificity, and overall success of CRISPR-based interventions. By leveraging advanced computational tools and sophisticated bioinformatics approaches, researchers are now able to meticulously optimize sgRNA sequences, thereby enhancing target recognition and significantly mitigating the risks of off-target effects (4,5).Recent breakthroughs in CRISPR-based diagnostic techniques have enabled rapid and highly sensitive detection of microbial pathogens, which is crucial in clinical settings (6). Notably, platforms like CRISPR-Cas12 and CRISPR-Cas13 capitalize on their unique collateral cleavage activity to produce substantial signal amplification, allowing for the detection of nucleic acids even at attomolar concentrations (7). These cutting-edge methodologies have been successfully implemented to identify a broad range of bacterial and viral pathogens, antibiotic-resistance genes, and genetic variations associated with various diseases (8). Furthermore, the strategic integration of CRISPR technology with sophisticated biosensors and microfluidic devices has significantly enhanced the portability and real-time applicability of these diagnostic systems, making them invaluable tools in clinical diagnostics (9).
In addition to its diagnostic capabilities, CRISPR is emerging as a formidable tool for developing novel therapeutic strategies. By specifically targeting essential genes within microbial pathogens or modulating the immune responses of the host organism, CRISPR-based therapies offer compelling possibilities for precision medicine (10,11). The design and delivery of CRISPR components—including sgRNA and Cas effectors—are critically important for the effectiveness of these therapeutic applications (12). Recent innovations in delivery methodologies, such as lipid nanoparticles, viral vectors, and electroporation techniques, have markedly improved the efficiency of CRISPR delivery, thereby expanding its potential applications in clinical practice (13).This chapter endeavors to explore the fundamental principles underlying sgRNA design, the computational strategies aimed at optimizing the specificity of the CRISPR system, and the latest advancements in CRISPR-based diagnostics and therapeutics. By addressing current challenges and articulating future perspectives, this work aims to illuminate the potential of CRISPR technology in decoding the complexities of microbial genetics and its significant translational implications within the medical field.Ultimately, the findings presented in this study underscore that critical in-silico results may play an instrumental role in the development of immunogenic live therapeutics and will serve as a comprehensive foundation for advancing in vitro approaches to cancer treatment, propelling the field toward innovative and effective therapeutic solutions..
II. CRISPR SYSTEM
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is a remarkable adaptive defense system found in bacteria to combat infections. It consists of short repeating sequences interspersed with unique spacers, each of the same length but differing in their sequences. (14). It was initially reported by Ishino and colleagues in 1987. The ability of CRISPR-Cas9 for genome editing was recognized in 2012 when Jinek and others showed that it could be customized with guide RNA to accurately identify and cut particular DNA sequences. (15). After the identification of CRISPR sequences, subsequent studies uncovered their function in the adaptive immunity of bacteria, in which CRISPR-associated (Cas) proteins employ small RNA molecules to identify and cut foreign genetic elements (16).The field of genetic engineering has undergone a significant transformation with the introduction of CRISPR-Cas9, an innovative genome-editing tool developed through the collaborative efforts of scientists Jennifer Doudna and Emmanuelle Charpentier. Their pivotal research demonstrated the capability of this system to be programmed for precise modifications of DNA sequences, which has been recognised as a transformative advancement in biological sciences.
Since its inception, CRISPR-Cas9 has revolutionised the methodology of targeted gene modification, enabling researchers to achieve high levels of specificity and efficiency across a diverse range of organisms, including bacteria, plants, and animals (17). Significantly, the applications of CRISPR extend beyond conventional genome editing; it encompasses transcriptional regulation, allowing for the control of gene expression, base editing, which facilitates the precise alteration of nucleotide sequences, and epigenetic modifications that influence gene activity without altering the DNA itself.
Consequently, CRISPR has emerged as an indispensable tool within the realms of molecular biology and biomedical research, facilitating numerous breakthroughs and innovations. Its expansive potential to redefine our understanding of genetics continues to motivate research initiatives globally, affirming its status as a foundational element of contemporary genetic research. (17)
III. Mechanism of CRISPR
[bookmark: _Hlk193287763]The adaptive immune system known as CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is present in bacteria and archaea and defends against viral infections by identifying and eliminating foreign genetic material (18). The system is composed of two key elements: the CRISPR array, which consists of short repetitive DNA sequences interspaced with unique viral-derived sequences (spacers), and Cas (CRISPR-associated) proteins, which function as molecular scissors to cut invading DNA (19). The CRISPR-Cas mechanism operates in three primary stages: adaptation (spacer acquisition), CRISPR RNA (crRNA) synthesis, and interference (target cleavage) (20). 
The adaptation phase happens when a bacterium encounters a new viral infection. During this process, the CRISPR system captures short fragments of the invading viral DNA, called protospacers, and incorporates them into the CRISPR locus as new spacer sequences (21). This process is facilitated by the Cas1-Cas2 complex, which utilizes viral DNA recognition and processing before integrating it into the bacterial genome between short, palindromic repeat sequences (22). The process enables the bacterium to maintain a genetic memory of previous infections, essentially setting up an immunological memory that allows for rapid detection of future infections by the same virus. Importantly, bacteria distinguish self from non-self DNA by depending on the presence of a protospacer-adjacent motif (PAM), a short sequence found in the viral DNA but not in the bacterial CRISPR array, to avoid auto-immunity (23). 
[bookmark: _Hlk193287856]The CRISPR locus is transcribed into short RNA molecules known as CRISPR RNAs (crRNAs) (24). When the CRISPR array is transcribed, it produces a long precursor CRISPR RNA (pre-crRNA), which contains all the stored viral sequences (18). The pre-crRNA is processed by endonucleases, such as Cas6 or RNase III (specific to the CRISPR system), which cleave it into smaller crRNAs, each containing a single viral-derived spacer and repeat sequence (25). In Type II CRISPR-Cas systems, a trans-activating crRNA (tracrRNA) plays a role in processing pre-crRNA into mature crRNA by interacting with Cas9 and guiding the complex to target sequences (26). The mature crRNA associates with specific Cas proteins to form an effector complex, which is now programmed to recognize and neutralize future viral infections.
[bookmark: _Hlk193287797][bookmark: _Hlk193287934]CRISPR interference (CRISPRi) functions through a catalytically inactive Cas9 (dCas9), which binds to a target DNA sequence guided by a single guide RNA (sgRNA). This binding physically blocks RNA polymerase, inhibiting transcription initiation, or elongation thereby repressing gene expression (27). If the same virus enters the bacterium again, the crRNA within the effector complex binds to the complementary sequence found in the viral DNA, enabling the Cas protein to recognize the target site. Recognition is facilitated by the presence of the PAM sequence adjacent to the target region, which is crucial for Cas protein binding and ensures that only foreign DNA is cleaved (28). Once binding occurs, the Cas protein introduces a double-stranded break (DSB) in the viral DNA, effectively disabling the virus and preventing further replication (29). In the Type II CRISPR-Cas9 system, the Cas9 enzyme is responsible for target cleavage, utilizing two nuclease domains: the RuvC domain, which cuts one DNA strand, and the HNH domain, which cuts the complementary strand (24). Other CRISPR variants, such as Cas12, create staggered cuts, whereas Cas13 is specialized for targeting RNA rather than DNA (30). 
CRISPR-Cas systems are classified into two major classes according to their protein content. Class 1 systems (including Type I, III, and IV) utilize multi-protein complexes for DNA targeting and cleavage, whereas Class 2 systems (including Type II, V, and VI) rely on a single protein, such as Cas9, Cas12, or Cas13, for interference (31).Among these, CRISPR-Cas9 has emerged as the most widely used system in genome editing due to its simplicity and efficiency (32). Along with Cas9, other enzymes such as Cas12 have also been investigated for genome engineering, as they exhibit distinct targeting properties, including single-stranded DNA cleavage (33). Meanwhile, Cas13 has been adapted for RNA editing, expanding the potential applications of CRISPR technology beyond gene editing (34). 
IV. Types of CRISPR SYSTEM
CRISPR-Cas systems are categorized into two major classes based on their structural complexity and mechanism of action: Class 1, which relies on multi-protein complexes for target recognition and cleavage, and Class 2, which utilizes a single effector protein for interference (35). Class 1 systems include Type I, Type III, and Type IV. Type I systems, the most widespread, employ a multi-protein complex known as Cascade (CRISPR-associated complex for antiviral defense) to recognize target DNA, followed by degradation via Cas3, which has both nuclease and helicase activity (36). Type III systems are unique because they target both DNA and RNA, using Cas10 as the primary effector protein. Additionally, Type III systems can generate secondary signaling molecules that activate other bacterial defense mechanisms (37). Type IV systems are less understood and are mainly associated with plasmids and mobile genetic elements, playing potential roles in gene regulation (38). 
In Class 2 systems include Type II (Cas9), Type V (Cas12), and Type VI (Cas13),  all of which use a single large Cas protein to mediate interference (39). Type II systems, best exemplified by Cas9, are the most widely known and used due to their ability to introduce precise double-stranded breaks in DNA (40). Cas9 requires both a CRISPR RNA (crRNA) for target recognition and a trans-activating crRNA (tracrRNA) for maturation and function (41). The recognition of a protospacer adjacent motif (PAM) sequence ensures specificity and prevents self-targeting (23).  Type V systems, such as Cas12, also target DNA but generate staggered cuts instead of blunt cuts like Cas9 (42). Additionally, Cas12 exhibits collateral cleavage activity, where it degrades surrounding nucleic acids upon activation, making it valuable for DNA-based diagnostics like DETECTOR (33). Type VI systems, represented by Cas13, are distinct because they exclusively target RNA rather than DNA. Once activated, Cas13 exhibits collateral RNA degradation, making it useful for RNA-based detection methods like SHERLOCK and potential RNA-targeted therapies (43). 
Each CRISPR system has unique advantages, with Cas9 being the most widely used for genome editing, Cas12 emerging as a powerful tool for diagnostics and gene modification, and Cas13 showing promise for RNA-based applications. These diverse CRISPR types continue revolutionizing biotechnology, medicine, and synthetic biology, offering new possibilities for gene therapy, disease diagnostics, and antimicrobial strategies.
V. Application of CRISPR SYSTEM
CRISPR technology has emerged as a transformative tool in genetic engineering, significantly impacting fields such as disease treatment, molecular diagnostics, studies on microbial resistance, and synthetic biology. Its versatility enables precise modifications to the genome, effective gene regulation, and epigenetic editing, rendering it essential for both research and clinical applications.
A. CRISPR in Genome Editing and Gene Therapy
CRISPR-Cas9 and its advanced variants, including base editing and prime editing, have significantly advanced the field of targeted gene modification, facilitating the correction and disruption of genes. These innovations have led to the development of promising therapeutic strategies for various genetic disorders. CRISPR technology has been effectively utilized to rectify mutations responsible for conditions such as sickle cell anaemia and Duchenne muscular dystrophy (DMD) by modifying hematopoietic stem cells or muscle cells, thereby restoring normal gene function (44,45).Prime editing is a novel gene editing technique that differs from traditional methods by eliminating the need for double-strand breaks in DNA. This characteristic minimizes off-target effects, thereby enhancing the safety of its application in therapeutic contexts (46).CRISPR technology has been utilized to engineer immune cells, specifically chimeric antigen receptor T cells (CAR-T cells), enhancing their capacity to recognize and eliminate malignant cells. This advancement demonstrates significant potential for the development of personalized cancer therapies tailored to the unique characteristics of individual patients (Liu et al., 2020). CRISPR-based antiviral strategies have been investigated for the targeted therapeutics of viral DNA and RNA, encompassing notable pathogens such as HIV, hepatitis B virus (HBV), and SARS-CoV-2. This approach presents a potentially transformative avenue for developing effective treatments against these viral infections (47).
B. CRISPR in Molecular Diagnostics
CRISPR-based detection systems are transforming the methodologies employed in the identification of pathogens and the screening for genetic diseases. Two notable examples are the SHERLOCK and DETECTR systems, which leverage the distinctive properties of Cas12 and Cas13 proteins. These systems possess a remarkable capacity for the accurate detection of specific DNA and RNA sequences, facilitating rapid and sensitive identification of a variety of pathogens. Additionally, they provide a cost-effective solution, positioning them as significant advancements in the domains of diagnostics and disease control (6,48).CRISPR diagnostics have significantly advanced the detection of diseases such as COVID-19, tuberculosis, and Zika virus. These innovations present clear advantages over traditional PCR methods, particularly regarding speed and accuracy. This groundbreaking technology exemplifies how novel approaches can enhance our capacity to diagnose and respond to infectious diseases effectively (49,50).  The development of portable CRISPR-based diagnostic test kits is designed to improve field diagnostics, thereby enhancing the accessibility of disease detection in resource-limited settings. This innovative approach has the potential to facilitate timely medical interventions and increase healthcare equity. (51)
[image: ]Figure 1: Application of CRISPR




C. CRISPR for Microbial Resistance Studies 
The application of a CRISPR-Cas-based approach for the targeted removal of specific bacterial populations presents a promising and innovative strategy for developing new antimicrobial agents. The CRISPR-Cas targeting system is well-regarded for its exceptional versatility and specificity, providing a significant opportunity to combat antibiotic resistance in pathogens by selectively disrupting genes associated with antibiotic resistance, biofilm production, pathogenicity, virulence, or bacterial survival (52),CRISPR interference (CRISPRi) can selectively knock down resistance genes in bacteria, allowing researchers to investigate their role in antimicrobial resistance Engineered bacteriophages with CRISPR systems can selectively target and eliminate antibiotic-resistant bacteria, providing an alternative to traditional antibiotics (52).
D. CRISPR in Epigenetic and Functional Genomics Studies
CRISPR technology facilitates precise gene regulation and epigenetic modifications without altering the underlying DNA sequence. The methodologies of CRISPR Interference (CRISPRi) and CRISPR Activation (CRISPRa) are instrumental in silencing or activating specific genes, thereby enhancing functional studies of virulence genes in organisms responsible infection (53).CRISPR technology is utilized to modify DNA methylation and histone modifications, providing valuable insights into gene expression patterns associated with microbial pathogenesis and host immune responses (54)This information may prove valuable in analyzing virulent gene expression in bacteria and developing innovative therapeutic strategies to target epigenetic regulation.
E.  CRISPR in Synthetic Biology and Bioengineering
CRISPR technology has significantly advanced the engineering of microbial strains for applications in industrial, agricultural, and environmental contexts. Specifically, CRISPR has been utilised to enhance probiotic strains by improving their antimicrobial properties. This advancement presents opportunities for the exploration of these engineered probiotics in the prevention and treatment of various health conditions (55). CRISPR-modified crops that are better at fighting off diseases and packed with more nutrients could be game-changers for sustainable farming. These advancements hold a lot of potential to improve our food system and make agriculture more resilient in the face of challenges. CRISPR-modified crops that exhibit enhanced disease resistance and improved nutritional content present significant opportunities for advancing sustainable agriculture. These innovations have the potential to enhance food security while promoting environmentally responsible farming practices (56). CRISPR-modified microorganisms are being employed to enhance the efficiency of biofuel production and biopolymer synthesis, thereby reducing dependence on fossil fuels. This innovative approach signifies a substantial advancement in the pursuit of sustainable energy solutions and environmentally friendly materials (Wei and Li, 2023).
CRISPR-based diagnostics utilise the programmability and specificity of CRISPR-Cas systems to detect pathogens, biomarkers, and genetic mutations. Bioinformatics and in silico methods are indispensable in the pre-analysis stage, maximising CRISPR-based diagnostics by informing target selection, efficient guide RNA (gRNA) design, and off-target effects prediction.
F. Bioinformatics Role in CRISPR Diagnostics:
Target Selection and Identification: Bioinformatics software scans genomic sequences for disease-associated mutations, pathogens, or unique biomarkers. NCBI, Ensembl, and UCSC Genome Browser databases assist in pulling out specific genetic information for diagnostic targets.
gRNA Design and Optimization: gRNAs should be designed to bind target sequences specifically with minimal off-target activity. Software such as CRISPR-Cas Designer, CHOPCHOP, and Benchling aid in the identification of the most effective gRNAs. Thermodynamic modelling provides gRNA stability and binding efficacy.
Off-Target Prediction and Specificity Analysis: Off-target effects may generate false-positive results in diagnostics. Bioinformatics tools like CRISPResso2, CCTop, and Cas-OFFinder predict possible off-target sites and optimize gRNA selection.
G. In-silico Approaches for CRISPR Pre-Analysis:
Computational Modeling of CRISPR-Cas Interactions: Molecular dynamics simulations forecast how CRISPR enzymes bind to DNA/RNA targets. Structural biology tools like PyMOL, Chimera, and AlphaFold facilitate the visualisation and optimisation of CRISPR complexes. 
Machine Learning for CRISPR Efficiency Prediction: AI-based models examine large datasets to forecast the efficacy of CRISPR-based detection. Algorithms such as Deep-CRISPR determine the probability of effective target identification and cleavage.
Virtual Screening of CRISPR-Based Assays:
Computational simulations screen CRISPR diagnostic assays before laboratory implementation. In-silico screening saves experimental expenses by determining optimal Cas proteins and reaction conditions.
H. Drug development (in-silico) and CRISPR
Experimental Study 1: Design of sgRNA for the development of an immunogenic drug against cancer using CRISPR
This portion will elaboratively explain the design of sgRNA for immunogenic drug development with performed exercise. Genome editing uses tools and techniques to manipulate any organism's underlying genetic code or sequence. These changes can include the addition or deletion of base sequences. In this technology, the sequence of the genome can be altered or manipulated precisely to attain a therapeutic effect on the improvement of human life (58). Nowadays, the three primary and most used types of genome editing mechanisms include programmable nucleases like ZFNs, TALENs, and CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats). They follow the DNA repair pathways NHEJ and HDR through DSB on the target (59). The first technologies (ZFNs and TALENs) now suffer from inferior specificity of their off-target side effects (60). Recent advances in CRISPR as a genome-editing tool have become the most powerful technology in genetic engineering (59). CRISPR-based gene editing technology has the potential to revolutionize cancer treatment by enabling precise and effective modification of the genome to target specific genetic mutations that contribute to tumour development and spread (61). CRISPR system with Cas9 protein-coding genes is the more valuable, vigorous, and multiplexable genome editing tool among all other types because, firstly, it has the function as a single protein effector molecule, which does not require other helping Cas proteins, unlike in-class I types of Cas proteins. Secondly, a CRISPR/Cas9 contains a nonspecific Cas9 nuclease with a designable sequence-specific CRISPR-RNA (crRNA), which able to guide Cas9 along with Tra- crRNA (trans-activating CRISPR-RNA), spacer sequences, and PAM (proto-spacer adjacent motif) sequence (5’-NGG-3’) to slice DNA and generation of the double-strand breaks of the target sites. Thirdly, it has two functional domains viz. HNH nuclease and RuvC-like nuclease domains for DSB generation on the target site. So, among all the types of the CRISPR/Cas system, researchers found that CRISPR/Cas9 is the more impressive whole genome-editing tool than others (62).  In some recent preclinical spectrums, CRISPR/Cas9 entrenched effective strategies further analyzed with phase 1 and 2 trials to expand its clinical applications (63). 
In the CRISPR/Cas9 mechanism, transcribed pre-Cr RNA of CRISPR/Cas9 first forms RNA duplex with Tra-crRNA because of some partly complementary to pre-crRNA. RNase III and an RNA-specific ribonuclease cleaves this duplex for the formation of a crRNA: Tra-crRNA hybrid known as single-guide RNA (sgRNA) (64). CRISPR/Cas9 has a unique way of working that makes it effective for targeting specific genes. This technology uses a type of RNA called sgRNA to create gene knockouts in various species. By introducing the right sgRNA, CRISPR can make precise cuts in the DNA at specific locations. This careful design of sgRNA improves the technology's accuracy and results in better gene modifications compared to other methods, such as RNA interference (RNAi) (65). 
In recent years, cancer immunotherapy has made a significant breakthrough, using monoclonal antibodies to block the CTLA-4 and PD-1 immune checkpoints, which has led to autoimmune side effects. This shows the use of tumour antigens, specifically cancer/testis antigens (CTA), in cancer immune therapy can help treat tumours (66). NY-ESO-1 (New York oesophageal squamous cell carcinoma 1) is a cancer-testis antigen (CTA) that shows the most valuable and promising criteria among all CTA for cancer immunotherapy as its tumour expression is correlated to extort humoral and cellular immune responses, in tandem with its restricted expression pattern in a wide range of malignancies  (67). In the Immune system, T cells (T-helper cells and cytotoxic T cells) are essential in the human body to protect the body from infection by pathogens. It also clears the mutant cells through specific recognition of antigens or immunogens by T cell receptors (TCRs). One study also executed effective T-cells against cancer in PD-1 deficient mice (68). Thus,  researchers found that unleashing the inhibition of immune checkpoints such as CTLA-4 and PD-1 along with modification of T cell receptors by genetic engineering of NY-ESO1 on it generates genetically engineered T cells which able to boost the antitumor activity of T cells (69). 
Lentiviruses (HIV) and retroviruses have the advantage that they can reliably integrate DNA into host cells, providing long-term expression, and another is the tolerance capacity for extensive inserts (70). It makes it easier to think about developing the drug within the virus coat and surface immunogenic substances so immune cells can only invade them. Likewise, machinery inside the CRISPR/Cas9 system can help develop a drug that can automatically invade immune cells and deliver the CRISPR/Cas9 into immune cells. The lentivirus-based vectors are more valuable because they hold pseudo-HIV regions that allow the vector to express into a host and synthesize a new immunogenic drug, which consists of HIV coat to attack immune cells; it consists of CRISPR/Cas9 system along with specific sgRNAs as genetic material and the whole pseudo-organism acts as a living immunogenic drug.
This study aimed to design an immunogenic “Living drug” for cancer treatment using an in-silico approach and for in-vitro findings as a future application.
H.1.Methodologies
Tools and databases
Chop-chop: ChopChop is a bioinformatics tool used for designing guide RNAs (gRNAs) for CRISPR-based gene editing. It helps researchers identify the most effective target sites in a given DNA sequence while minimizing off-target effects. ChopChop is widely used in genetic engineering, functional genomics, and therapeutic research due to its efficiency and accuracy. It supports various CRISPR-associated nucleases like Cas9 and Cas12, as well as RNA-targeting enzymes like Cas13. The tool provides a user-friendly interface, allowing scientists to input genetic sequences and receive optimized gRNA designs along with visualized results. Its ability to analyze multiple genomes makes it a valuable resource for gene-editing applications across different organisms (71).
CRISPR off 
CRISPRoff is a gene-editing tool that enables reversible, heritable, and highly specific gene silencing without altering the DNA sequence. Unlike traditional CRISPR-Cas9, which cuts DNA, CRISPRoff works by adding epigenetic modifications, such as DNA methylation, to suppress gene expression. This approach allows for precise gene regulation while maintaining the ability to reverse the changes using CRISPR, a complementary system that removes the modifications. CRISPRoff is particularly useful in studying gene function, developing therapeutic applications, and creating stable gene silencing models without permanent genetic alterations, making it a powerful tool for epigenetic research and potential medical advancements
CRISPRdirect 
CRISPRdirect is an online tool designed for the rapid and accurate design of single guide RNAs (sgRNAs) for CRISPR-based genome editing. It allows users to input a target DNA sequence and identifies optimal sgRNA sequences while minimizing off-target effects. The tool analyzes potential binding sites across the genome and filters out sgRNAs that may lead to unintended mutations. CRISPRdirect supports various CRISPR-associated nucleases, such as Cas9 and Cpf1 (Cas12a), and provides genome-wide specificity checks for multiple organisms. Its simple and efficient interface makes it a valuable resource for researchers aiming to design precise and effective CRISPR experiments (72).
CRISPR-Cas Designer 
CRISPR-Cas Designer is a bioinformatics tool that facilitates the design of highly specific single guide RNAs (sgRNAs) for CRISPR-based genome editing. It allows researchers to input a target gene or DNA sequence and provides optimized sgRNA sequences by evaluating factors such as on-target efficiency and potential off-target sites. The tool supports various CRISPR-associated nucleases, including Cas9 and Cas12a, and offers genome-wide specificity analysis for multiple organisms. CRISPR-Cas Designer is particularly useful for precision gene editing, functional genomics studies, and therapeutic applications, making it a valuable resource for researchers working in molecular biology and genetic engineering .
CCTop (CRISPR-Cas9 Target online predictor)
 CCTop (CRISPR-Cas9 Target online predictor) is a bioinformatics tool designed for the identification and evaluation of target sites for CRISPR-Cas9 genome editing. It allows researchers to input a DNA sequence and provides optimized single guide RNA (sgRNA) candidates by analyzing factors such as on-target efficiency and off-target effects. CCTop supports multiple genomes and enables users to customize parameters such as PAM sequences and mismatches to refine sgRNA selection. The tool helps ensure precise gene editing with minimal unintended modifications, making it a valuable resource for genetic engineering, functional genomics, and therapeutic research (73)
Cas-OFFinder 
Cas-OFFinder is a computational tool designed to identify potential off-target sites for CRISPR-Cas9 and other CRISPR-associated nucleases. It efficiently scans entire genomes to detect mismatches, insertions, and deletions between the designed single guide RNA (sgRNA) and unintended genomic sites. Cas-OFFinder is particularly useful for researchers aiming to minimize off-target effects in gene-editing experiments, ensuring higher precision and safety. The tool supports multiple PAM sequences and allows users to customize mismatch tolerance, making it suitable for various CRISPR applications, including functional genomics and therapeutic research. Its high-speed performance and compatibility with different organisms make it a valuable resource for CRISPR-based studies.Sequence retrieval of gene targets  (74)
The nucleotide sequences of three targeted genes, PDCD-1, CTLA-4, and NY-ESO FASTA formats, were downloaded from NCBI (National Centre for Biotechnology Information). 
Benchling 
Benchling is a cloud-based online platform designed for life sciences research, offering a suite of tools for molecular biology, lab management, and collaboration. It provides features such as CRISPR guide RNA (sgRNA) design, sequence analysis, plasmid mapping, and experiment tracking. Researchers can design, edit, and annotate DNA and protein sequences while integrating data across various workflows. Benchling also includes electronic lab notebooks (ELNs) and inventory management tools, making it a comprehensive solution for academic and industrial biotech research. Its real-time collaboration capabilities allow teams to work efficiently, ensuring streamlined data sharing and project management in CRISPR gene editing, synthetic biology, and drug discovery (https://www.benchling.com/)
SnapGene 
SnapGene is a molecular biology software designed for DNA sequence visualization, annotation, and cloning simulation. It allows researchers to design, edit, and analyze plasmid maps, PCR products, and other genetic constructs with an intuitive graphical interface. One of its key features is the ability to simulate molecular cloning techniques, including Gibson assembly, restriction cloning, and Golden Gate assembly. SnapGene also supports CRISPR guide RNA (sgRNA) design and provides tools for primer design, sequence alignment, and mutation analysis. Its ability to store a complete history of sequence modifications makes it valuable for tracking experimental changes. Widely used in academic and industrial research, SnapGene simplifies genetic engineering workflows and enhances collaboration in molecular biology and synthetic biology projects (75) .
Addgene
Addgene is a nonprofit plasmid repository that provides scientists with a vast collection of plasmids for research, particularly in molecular biology and genetic engineering. It serves as a global resource for sharing and distributing plasmids, including those for CRISPR-Cas9 gene editing, viral vectors, fluorescent reporters, and synthetic biology applications. Researchers can deposit their plasmids into Addgene, making them accessible to the scientific community, which helps standardize and accelerate research. The platform also offers detailed protocols, sequence data, and tools for plasmid design and analysis. Addgene plays a crucial role in advancing biological research by promoting collaboration and reproducibility in labs worldwide (76).
PatchDock 
PatchDock is a molecular docking algorithm designed for the computational prediction of protein-protein, protein-DNA, and protein-ligand interactions. It follows a shape complementarity-based docking approach, where molecules are treated as geometric shapes, and docking solutions are generated based on their surface complementarities. PatchDock efficiently identifies binding conformations by detecting shape-matching regions and filtering out steric clashes. The algorithm is widely used in drug discovery, structural biology, and computational chemistry to model molecular interactions. Its ability to handle large molecules and provide high-throughput docking solutions makes it a valuable tool for researchers studying biomolecular interactions and drug design (77) .
FireDock 
FireDock (Fast Interaction Refinement in Molecular Docking) is a computational tool used for refining molecular docking solutions, particularly for protein-protein and protein-ligand interactions. It is often used as a post-processing tool for PatchDock, improving docking accuracy by optimizing molecular flexibility and energetics. FireDock refines docking poses by minimizing steric clashes, optimizing side-chain conformations, and re-ranking solutions based on binding energy calculations. The tool is widely used in structural biology, drug discovery, and computational chemistry to enhance the reliability of docking predictions. Its efficiency and accuracy make it valuable for refining biomolecular interactions and predicting stable binding conformations (78).
BIOVIA Discovery Studio
 BIOVIA Discovery Studio is a comprehensive molecular modelling and simulation software suite designed for computational chemistry, molecular docking, and drug discovery. Developed by Dassault Systèmes, it provides a wide range of tools for protein-ligand docking, molecular dynamics simulations, pharmacophore modelling, QSAR analysis, and ADMET prediction. Discovery Studio supports structure-based and ligand-based drug design, allowing researchers to analyze biomolecular interactions, optimize lead compounds, and predict molecular properties. It features an intuitive graphical interface, making it accessible for both academic and industrial researchers in bioinformatics, cheminformatics, and structural biology (79). Widely used in pharmaceutical and biotechnology research, Discovery Studio facilitates rational drug design and accelerates the development of novel therapeutics.

H.2.Sequence retrieval of gene targets
The nucleotide sequences of three targeted genes, PDCD-1, CTLA-4, and NY-ESO FASTA formats, were downloaded from NCBI (National Centre for Biotechnology Information). 
H.3.Design sgRNA of targeted genes   
The sgRNAs of targeted genes were designed to use Benchling online software. Downloaded nucleotide sequences were given where software intended the number of possible sgRNAs within its on-target activity (specificity score) and off-target activity (efficiency score) through CRISPR design and analyzed guide tool in it.
H.4.Design immunogenic living drug
The two vectors of the lentivirus-HIV-based CRISPR were selected from the Addgene home page to perform in-silico cloning. Gene knock-out lentiCRISPRv2 was performed, and for insertion, pCas-Guide-EF1a-CD4 was selected. Along with it, designed sgRNAs were prepared as a gene to insert in cloning using SnapGene offline software. According to their respective vectors, the restriction sites were created for both ends of sgRNAs. For PDCD-1 and CTLA-4, to create sticky ends nucleotides ‘CGTCTCACACC’ (bases for BsmBI restriction site) on 5’prime and another end nucleotide, ‘GTTTTGAGACG’ (bases to create BsmBI restriction site on 3’prime) was inserted. Whereas for NYESO-1, BamHI Restriction site on start 5’ prime by adding nucleotide ‘GGATC’ to create BsmBI Restriction site on another end nucleotide ‘TTTTGGAGACG’ inserted. Then, by using the restriction and insertional cloning tool of SnapGene, in-silico cloning of prepared PDCD-1 and CTLA-4 inserts with lentiCRISPRv2 vector and NYESO-1 insert with pCas-Guide-EF1a-CD4 was performed. 
In-vitro isolation of the lentivirus (pseudo-HIV within designed vectors, called immunogenic living drug) can be done using a favourable host, for example, HEK 293(Human embryonic kidney 293 cells) derived suspension cells. The Gibco LV-MAX Lentiviral Production system of Thermo Fisher SCIENTIFIC is the first optimized system that provides all the high-quality components you need in a chemically defined, serum-free environment along with the protocol. (https://www.thermo-fisher.com/in/en/home/life-science/cell-culture/transfection/lentiviral-vector-production)
H.5.Analysis of protein-protein interactions
Protein-protein docking was performed using PatchDock online software to analyze the binding efficiency of designed immunogenic living drugs. The HIV gp120 core protein, T cell receptor CD4+ protein, and T cell receptor CD8+ protein were downloaded from PDB (protein data bank). The receptor (HIV gp120 protein) was prepared by removing extra ligands and water molecules in the BIOVIA Discovery studio (figure 1). The binding energy score as a binding efficiency was performed using PatchDock followed by FireDock. 
[image: ]Figure 2: Modified structure of HIV enveloped core protein gp120


H.6.Observations
CRISPR/Cas9 genome editing tool is recognized as a dominant genome-editing tool, enabling researchers to precise modification of genomic sequences and helping change target gene function in the cure of many diseases (62). Cancer is now one of the most popularly diagnosed diseases, and it can be cured by using an immunogenic living drug. The following results are obtained to design precise and impactful sgRNA for immunogenic cancer drug design.
H.7.Data retrieval is based on the experimental requirement.
The three genes were selected as the experimental targets. The sgRNAs for the genes should be designed first using the CRISPR/Cas9 system to target them for knock-out/knock-in. To create the sgRNAs, the FASTA sequences of all three genes (PDCD-1, CTLA-4, and NYESO-1) were downloaded from the NCBI gene databank.
H.8.Selection of designed sgRNAs
The sgRNAs for all three genes were designed using the Benchling bioinformatics tool. The Benchling supplies all the possible sgRNAs for the selected target region on the genes. The starting regions sgRNAs were mainly chosen for better specificity and efficiency (80). Because targeting end regions of the genes does not give proper efficiency and specificity for gene knockout/in, from all the designed sgRNAs, sgRNAs with specificity and efficiency scores near 100 were selected (figure 2). The sgRNA for the PDCD-1 gene “CTATTTTGGAATCCACCCCG” was chosen with its reasonable specificity and efficiency score (Table 1). Likewise, the sgRNAs for CTLA-4 and NYESO-1 genes were “ACAGTGCTAAGGATGCTCAG” and “TTCTGACAGTTCTGGTGGCG” selected respectively (Table-2 and Table-3). 
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Figure 3: Selected PDCD-1, CTLA-4 and NYESO-1 sgRNAs with on-target and off-target scores near 100



Table 1 : Designed sgRNAs for PDCD-1 gene, selected sgRNA highlighted in light blue.
	Position
	Strand
	Sequence
	PAM
	Specificity
Score
	Efficiency
Score

	3760
	-1
	CTATTTTGGAATCCACCCCG
	GGG
	84.39
	73.86

	2553
	-1
	CTGTTTAAAAGCCACTCGGT
	CGG
	82.61
	67.05

	2161
	-1
	GAGAATTGCTTGAGCCCCGG
	AGG
	80.43
	67.25

	2994
	1
	TGGGGTTAGGACTTCCACAT
	AGG
	69.72
	72.64



Table 2:Designed sgRNAs for CTLA-4 gene selected sgRNA highlighted in light blue.
	Position
	Strand
	Sequence
	PAM
	Specificity
Score
	Efficiency
Score

	1559
	1
	ACAGTGCTAAGGATGCTCAG
	AGG
	64.04
	76.23

	1693
	-1
	CTTCCACCAAGCCACTTGCA
	CGG
	63.62
	60.23

	1777
	-1
	CCAATTCCAATCTATCACTC
	TGG
	77.66
	56.55

	1798
	1
	AGATTGGAATTGGATCATGG
	GGG
	60.70
	71.89

	1927
	1
	ACTTGTCAGACTGACTGGAG
	AGG
	69.84
	63.28

	1949
	1
	GGGCCTGGTTAGTTACAGGA
	AGG
	67.22
	66.65



Table 3:Designed sgRNAs for NYESO-1 gene, selected sgRNA highlighted in light blue.
	Position
	Strand
	Sequence
	PAM
	Specificity
Score
	Efficiency
Score

	389
	1
	TTCTGACAGTTCTGGTGGCG
	AGG
	77.65
	56.61

	461
	1
	GGAGATGCGAGTAAGTGGT
	GGG
	73.78
	52.34

	514
	1
	GATATGAGAGGCCAGCTGC
	AGG
	68.00
	67.29
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[image: ]Figure 4: Edited PDCD-1, CTLA-4 and NYESO-1 sgRNA for insertion
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Figure 5: Cloned PDCD-1 and CTLA-4 gene into lentivrirusv2 cloning vector along with its sequence, sgRNA highlighted in pink.
H.9.Lentivirus-based immunogenic living drug designing.
LentiCRISPRv2 is the lentivirus-based vector consisting of a CRISPR/Cas9 system (35) along with pseudo-HIV regions, which allows the formation of HIV viral coat, selected for knockout of PDCD-1 and CTLA-4 genes. The pCas-Guide-EF1a-CD4 is also a lentivirus-based vector consisting of a CRISPR/Cas9 system, pseudo-HIV regions, and truncated CD4 gene, which allows knock-in by specific Cas9 enzyme. Besides that, all three target genes were prepared by editing restriction sites on both edges of genes through SnapGene (figure 3). Then, restriction and insertional cloning were performed using BsmBI restriction enzyme sites of the LentiCRISPRv2 vector and BamHI and BsmBI restriction sites of the pCas-Guide-EF1a-CD4 vector. The PDCD-1 and CTLA-4 sgRNAs were inserted into LentiCRISPRv2 (figure 4) and NYESO-1 sgRNA into the pCas-Guide-EF1a-CD4 vector (figure 5). A clinical study using Cas9-edited T cells in cancer patients may preclude an immune response to exogenous peptides. This cloning [image: Graphical user interface, text, application, email
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Figure 6: Cloned NYESO-1 gene into pCas-Guide-EF1a-CD4 cloning vector along with its sequence, sgRNA highlighted in pink.
H.10.Protein-Protein Docking
The protein-protein docking was executed to analyze protein-protein interactions and their binding efficiency. The docking was performed using PatchDock, followed by FireDock online docking tools. PatchDock exemplifies the results according to molecular shape representation, surface patch matching, and filtering, scoring and ranking the structures based on geometric shape complementarity score (81). The highest score stands for the best complementarity of two proteins. The highest-ranked structure was selected for HIV gp120 and CD4+ and HIVgp120 and CD8+ on PatchDock. After that, the results of PatchDock's best 10 models were continued for FireDock. FireDock is used to facilitate PatchDock algorithm results by giving a binding score based on binding free energy (global energy), Atomic Contact Energy (ACE), softened van der Waals interactions, partial electrostatics, and hydrogen bonding (82).
Table 4-:Protein-Protein Docking result of gp120 and CD4+ on FireDock
	Rank
	Solution Number
	Global Energy
	Attractive VdW
	Repulsive VdW
	ACE
	HB

	1
	3
	-7.58
	-38.18
	34.75
	14.95
	-6.69

	2
	6
	-3.75
	-7.78
	2.86
	-3.79
	0.00

	3
	4
	28.28
	-33.86
	95.34
	-2.32
	-3.01

	4
	8
	193.51
	-56.83
	331.43
	14.05
	-5.33

	5
	10
	590.60
	-41.73
	811.59
	-6.27
	-1.59

	6
	9
	1008.87
	-51.71
	1304.40
	25.08
	-8.94

	7
	1
	1044.32
	-70.88
	1385.30
	26.17
	-8.86

	8
	5
	2097.43
	-66.85
	2719.39
	17.14
	-6.04

	9
	7
	2375.66
	-55.93
	3046.01
	2.66
	-9.15

	10
	2
	3667.12
	-93.99
	4707.94
	18.63
	-10.81
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Figure 7 : Structure of docked proteins (i) HIV gp120 protein into blue, red, and green colour and (ii) T cell receptor CD4+ into yellow colour

Table 5: Protein-Protein Docking result of gp120 and CD8+ on FireDock
	Rank
	Solution Number
	Global Energy
	Attractive VdW
	Repulsive VdW
	ACE
	HB

	1
	8
	-17.63
	-19.87
	7.08
	7.00
	-2.88

	2
	1
	-11.48
	-23.79
	16.39
	3.96
	-1.80

	3
	2
	-4.99
	-34.61
	25.11
	11.20
	-5.10

	4
	6
	0.60
	-6.31
	2.57
	0.25
	-0.82

	5
	7
	3.93
	-5.59
	0.10
	2.51
	-0.48

	6
	9
	6.99
	-4.88
	7.20
	3.38
	-1.26

	7
	10
	20.89
	-1.54
	0.00
	2.15
	0.00

	8
	4
	27.51
	-19.47
	37.78
	14.00
	-2.60

	9
	5
	32.74
	-23.26
	8.33
	16.17
	-2.41

	10
	3
	314.88
	-40.68
	470.26
	-0.66
	-7.08
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Figure 8: Structure of docked proteins (i) HIV gp120 protein into blue, red, and green colour and (ii) T cell receptor CD8+ into yellow colour
FireDock automatically ranks the best Docking model for the inputs based on Global energy. The more negative value of global energy stands for a more specific binding of two proteins (Esam et al., 2022). The HIVgp120 and CD4+ show a -7.58 global energy value (Table-4), and HIVgp120 and CD8+ showed a -17.63 global energy value (Table-5), which stands for both CD4+ and CD8+ have good binding efficiency with HIV gp120 protein, means both T helper cell and Cytotoxic T cell receptors can interact with HIV envelop protein gp120. The binding structure of both docked proteins opened in BIOVIA Discovery studio is shown in Figures 6 and 7.
This research aimed to design sgRNAs to target specific genes PDCD-1, CTLA-4, and NYESO-1 to activate helper T cells (CD4+) and cytotoxic T cells (CD8+) of the immune system against cancer. Based on in-silico analysis and findings, it can be concluded that selecting the CRISPR/Cas9 delivery system is a crucial factor to consider when targeting tumour cells. The three sgRNAs were selected based on their specificity score, 84.39001, 64.0453326, and 77.657999 and efficiency scores, 73.863324, 76.237004, and 56.615160, respectively. The selected lentivirus-based lentiCRISPRv2 and pCas-Guide-EF1a-CD4 vectors were shown successfully in-silico cloning the designed three sgRNAs into the above vectors. They can be isolated easily in-vitro as an immunogenic living drug consisting of delivered clones as a genome of a virus surrounded by an HIV viral coat called pseudo-HIV. By analysing protein-protein interactions of HIV coat protein gp120 and T cell receptors (CD4+ and CD8+), the study showed good binding efficiency as a global energy value of -7.58 and -17.63, respectively, of the designed drug to the targeted immune genes and tumour antigen. The pipeline of this study will be the foundation for the in-vitro cancer treatment.
H.11. In-silico methods associated with future directions and challenges
1. Integration with Next-Generation Sequencing (NGS): Merging CRISPR diagnostics with NGS increases the sensitivity and throughput of pathogen and disease detection.
2. Cloud-Based CRISPR Analytics: Cloud computing environments may enable real-time analysis of CRISPR-based diagnostic output, facilitating prompt disease surveillance.
3. Standardization and Validation: In-silico predictions must be experimentally verified for diagnostic accuracy. Regulatory authorities will require robust frameworks to approve bioinformatics-informed CRISPR diagnostics.
IV.Challenges and Future Aspects of CRISPR-Based Diagnostics
CRISPR-based diagnostics, specifically CRISPR-Cas12 and CRISPR-Cas13, have exhibited significant potential due to their high specificity and precision. Nevertheless, these technologies are not devoid of challenges. Concerns regarding sensitivity and specificity persist, as the occurrence of false positives and off-target effects can complicate analyses, particularly when examining complex biological samples where background noise may affect detection accuracy. Moreover, the intricacies associated with sample preparation represent a considerable limitation. Efficient nucleic acid extraction and amplification are critical for effective diagnostics; however, these procedures are often labour-intensive and time-consuming, complicating point-of-care applications, especially in resource-limited settings. Another challenge lies in the delivery and stability of CRISPR components. The maintenance of functional Cas proteins and guide RNAs necessitates stringent storage and transportation conditions, which can be challenging to uphold in remote or underdeveloped regions.
Regulatory and ethical considerations further impede widespread adoption. International regulatory bodies, such as the FDA and EMA, require extensive validation, which can hinder the rapid implementation of these diagnostics in clinical settings. Additionally, ethical concerns surrounding genetic data privacy and the potential for misuse must be carefully addressed. Financial implications and scalability also present obstacles to accessibility. Although CRISPR diagnostics are generally more cost effective than traditional PCR methods, the associated expenses for reagents and specialized equipment can be considerable, necessitating significant investment in large-scale production and distribution to ensure equitable access for underserved populations. To address these challenges, several future advancements are being explored. The integration of CRISPR-based diagnostics with microfluidics and lab-on-a-chip technologies may streamline sample preparation, enhancing portability and efficiency for real-time disease detection. Furthermore, the adoption of isothermal amplification techniques, such as Loop-mediated Isothermal Amplification (LAMP), can simplify workflows by eliminating the need for thermal cycling, thus improving accessibility in field applications. Incorporating artificial intelligence (AI) and machine learning (ML) represents another promising avenue, as these technologies can enhance target identification, minimize false positives, and facilitate the interpretation of complex data patterns, ultimately increasing diagnostic accuracy and efficiency. Future innovations also aim to enable multiplexed detection, which would facilitate the simultaneous identification of multiple pathogens or genetic markers within a single CRISPR test. This capability would greatly improve diagnostic efficiency, particularly in syndromic testing scenarios. Additionally, ongoing research into lyophilized reagents and novel delivery mechanisms, such as nanoparticle-based systems, is expected to enhance the stability and usability of CRISPR diagnostics, making them suitable for deployment in diverse healthcare environments, including those with limited resources. In conclusion, while CRISPR-based diagnostics offer a transformative approach to molecular detection characterized by speed, precision, and affordability, several challenges must be addressed to achieve widespread clinical acceptance. Advances in microfluidics, AI integration, multiplexing, and reagent stability will be pivotal in propelling CRISPR-based diagnostics toward becoming a standard tool in contemporary healthcare.
Conclusion
The selection of an appropriate delivery system for CRISPR/Cas9 is a critical factor when targeting tumor cells. This chapter examines the fundamental principles of designing single guide RNAs (sgRNAs), alongside computational strategies aimed at optimising the specificity of CRISPR. Additionally, it discusses recent advancements in CRISPR-based diagnostics and therapeutics. By addressing current challenges and outlining future opportunities, this work highlights the significant potential of CRISPR technology in elucidating microbial genetics and enhancing medical applications. The findings presented herein underscore the essential role of in-silico methodologies in developing immunogenic live therapeutics, establishing a foundation for subsequent in vitro and in vivo applications, particularly in cancer treatment and infectious disease management.
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