
Shireen et al.                                                                       World Journal of Pharmaceutical Research 

www.wjpr.net      │     Vol 14, Issue 21, 2025.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

440 

 
 

 

ARTIFICIAL INTELLIGENCE-DRIVEN NANOPARTICLES 

STRATEGIES FOR EFFICIENT CRISPR- CAS9 DELIVERY: A 

COMPREHENSIVE REVIEW 

 

Shaik Shireen*
a
, B. Jayakeerthana

b
, S. Akshaya

b
, M. Shivani

c
, A. Srujana

c
, G. Ramya 

Sree
c 

 
*a

Department of Pharmaceutics, St.Pauls College of Pharmacy, Turakayamjal, Hyderabad. 

b
Department of Pharm D, St.Pauls College of Pharmacy, Turakayamjal, Hyderabad. 

c
Department of Pharmacy, St.Pauls College of Pharmacy, Turakayamjal, Hyderabad. 

 

ABSTRACT 

The CRISPR-Cas9 method has revolutionized genome editing 

due to its precision, applicability in a variety of organisms, and 

programmability. However, the safe and efficient delivery of 

the CRISPR-Cas9 components remains a major challenge in 

clinical translation. Delivery methods based on nanoparticles 

that offer controlled release, cellular targeting, and 

biocompatibility have been made feasible by recent 

advancements in nanotechnology. The use of artificial 

intelligence (AI) in this area presents a revolutionary 

opportunity to predict the efficacy of distribution, optimize the 

design of nanoparticles, and personalize gene editing. This 

review explores the potential for combining AI and 

nanotechnology to enhance CRISPR-Cas9 delivery methods. 

The accuracy and safety of editing are greatly increased by AI 

models, which also help predict off-target effects, optimize  

guide RNA design, and simulate cellular uptake and biodistribution patterns. A variety of 

nanoparticle types are examined in relation to their AI-optimized performance in CRISPR-

Cas9 delivery, including lipid-based, polymeric, gold, and mesoporous silica nanoparticles. 

This review article also covers current in silico and experimental research that show 

improved genome editing results using AI-guided delivery methods. The combination of AI 
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with nanomedicine presents a viable path forward for next-generation gene therapies, despite 

persistent obstacles like immunogenicity, endosomal escape, and real-time tracking. Views 

on ethical ramifications, regulatory issues, and potential paths forward for incorporating AI-

driven CRISPR delivery into precision medicine are included in the article's conclusion. 

 

KEYWORDS: CRISPR, Nanoparticles, Gene Editing, AI, Modern technology, Drug 

delivery. 

 

GRAPHICAL ABSTRACT 

 

 

INTRODUCTION 

The last ten years have seen a significant advancement in genome editing technologies, with 

CRISPR-Cas9 emerging as the most potent and adaptable tool for targeted genetic 

alterations.
[1]

 Its uses range from fundamental biomedical research to possible treatments for 

infectious diseases, cancer, and genetic problems. Not with standing its revolutionary 

promise, a significant obstacle to the practical translation of CRISPR-Cas9 is the safe, 

effective, and tissue-specific delivery of its constituent parts—Cas9 nuclease and guide 

RNA—into target cells.
[2]

 Despite their effectiveness, traditional viral vectors have 

drawbacks such immunogenicity, insertional mutagenesis, and scalability problems, 

underscoring the urgent need for biocompatible, non-viral delivery methods. Because of their 

customizable physicochemical characteristics, capacity to encapsulate and preserve proteins 

or nucleic acids, and potential for targeted administration, nanoparticles have become 

attractive delivery vehicles for CRISPR-Cas9.
[3]

 For this, a broad range of nanoparticle 

systems have been investigated, such as lipid nanoparticles, polymeric carriers, inorganic 
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nanomaterials, and hybrid systems. It is still a difficult, multi-parameter task to optimize 

these delivery methods to optimize therapeutic efficacy while minimizing toxicity. 

 

Pharmaceutical sciences are changing because of artificial intelligence (AI), especially 

machine learning and deep learning techniques, which make data-driven decision-making and 

predictive modeling possible. By anticipating important formulation characteristics, 

biological interactions, and off-target consequences, artificial intelligence (AI) can speed up 

the design and optimization of nanoparticle systems in the context of CRISPR-Cas9 

delivery.
[4]

 AI also makes it easier to construct guide RNAs, choose target sites, and profile 

toxicity, all of which lead to safer and more efficient genome editing techniques. This review 

highlights the potential synergy between nanotechnology and computational intelligence in 

pharmaceutical development by concentrating on the latest developments in AI-assisted 

CRISPR-Cas9 delivery using nanoparticles. It seeks to give a thorough review of delivery 

systems based on nanoparticles, the contribution of AI to better performance and design, and 

the most recent developments in this burgeoning multidisciplinary subject. The review also 

identifies issues that need to be resolved for clinical translation, including endosomal escape, 

immunological response, and transport efficiency. Pharmaceutical researchers can open new 

avenues for personalized medicine and precision gene therapies by combining AI with nano-

formulation techniques. 

 

Current Status of CRISPR-cas9 Delivery Challenges 

Derived from the prokaryotic adaptive immune system, the CRISPR-Cas9 genome editing 

system has emerged as a vital tool in molecular biology and the development of 

therapeutics.
[5]

 The effective and targeted transport of its components into host cells is a 

significant barrier preventing its widespread clinical application, despite its unmatched 

accuracy, usability, and programmability. The Cas9 endonuclease protein and single-guide 

RNA (sgRNA), which together cause site-specific DNA double-strand breaks, are usually 

needed for the CRISPR-Cas9 system to successfully alter genomes.
[6]

 Achieving great editing 

efficiency with few off-target impacts requires efficiently delivering these components to the 

target cells' nucleus while preserving their functional integrity. Now, delivery systems can be 

broadly divided into two categories: viral and non-viral. Because of their high transfection 

efficiency and persistent expression, viral vectors like lentiviruses, adenoviruses, and adeno-

associated viruses (AAV) have been employed extensively.
[7]

 These methods do have some 

serious disadvantages, though, including as immunogenicity, insertional mutagenesis, limited 
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packaging capacity, and regulatory issues, especially in therapeutic settings. Interest in safer 

and more versatile non-viral vectors for clinical translation has increased due to these 

restrictions. 

 

Physical techniques including electroporation, microinjection, and hydrodynamic injection 

are among the non-viral procedures that have the highest efficacy in vitro but are not scalable 

and frequently cause considerable damage in vivo.
[8]

 Chemical delivery methods, particularly 

nanoparticles, are gaining traction as they offer adjustable features like as surface charge, 

size, biodegradability, and ligand-mediated targeting. Preclinical and early clinical research is 

presently being conducted to investigate the delivery of CRISPR via lipid nanoparticles 

(LNPs), polymer-based carriers, and inorganic nanomaterials.
[9]

 

 

However, several significant obstacles still exist despite these developments. These 

include 

 Endosomal entrapment, which results in decreased nuclear delivery; fast clearance and 

short circulation half-life; poor cellular absorption in particular tissue types;
[10]

 

 Off-target gene editing, which raises questions about safety;
[11]

 

 Low effectiveness of editing in stem cells or primary cells; 

 Reactions of the immune system to foreign proteins such as Cas9.
[12]

 

 

A comparison table for CRISPR-Cas9 delivery systems was listed down below. 

 

Table 1: A Comparison between different CRISPR-Cas9 delivery systems. 

Delivery 

systems 

Viral vectors (AAV, 

Lentivirus, Adenovirus) 

Non- Viral vectors     (Nanoparticles, 

physical methods)
[13]

 

Advantages 

High transfection efficiency Safer and reduced immunogenicity 

Stable and longterm 

expression
[14]

 

Adjustable physico-chemical 

properties
[15]

 

Limitations 

Immunogenicity and 

insertional mutagenesis 
Lower efficiency in-vivo 

Limited packaging capacity Endosomal escape problems 

Regulatory hurdles
[16]

 Rapid clearance
[17]

 

  

Balancing stability, biocompatibility, and functional performance makes designing 

nanoparticle formulations for gene editing applications even more difficult.
[18]

 Traditional 

trial-and-error techniques are insufficient in this situation, which calls for a multi-parameter 

optimization strategy. Artificial intelligence presents a viable answer in this regard by 

facilitating the logical design and predictive modeling of CRISPR-Cas9 delivery systems. 
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Nanoparticle- Based CRISPR- Cas9 Delivery System 

One of the most promising non-viral options for the effective, precise, and secure delivery of 

CRISPR-Cas9 components into mammalian cells is the use of nanoparticle-based delivery 

systems.
[19]

 They are especially well-suited for therapeutic genome editing because of their 

capacity to encapsulate and shield proteins or nucleic acids, as well as their adjustable 

physicochemical characteristics and surface modification potential.
[20]

 Nanoparticles are 

appealing candidates for clinical translation because, in contrast to viral vectors, they reduce 

the hazards related to immunogenicity, insertional mutagenesis, and regulatory constraints.
[21]

 

Lipid-based nanoparticles (LNPs) are the most extensively researched type of nanoparticle 

among the different types for CRISPR delivery. By facilitating their cellular uptake by 

endocytosis, LNPs can encapsulate plasmid DNA, Cas9-sgRNA ribonucleoproteins (RNPs), 

or mRNA expressing Cas9.
[22]

 It is possible to adjust their composition to improve tissue-

specific targeting, endosomal escape, and biocompatibility. Notably, interest in LNP 

platforms for gene editing applications has increased due to the development of mRNA 

COVID-19 vaccines. 

 

Polymeric nanoparticles, including those derived from poly(lactic-co-glycolic acid) (PLGA), 

polyethyleneimine (PEI), and chitosan, offer biodegradability and a range of surface 

functionalization options.
[23]

 These devices can be made to release CRISPR components over 

an extended period and co-deliver different proteins. However, their cytotoxicity and 

transfection efficacy remain uncertain and often depend on the polymer's molecular weight 

and composition. Magnetic targeting, photothermal activation, and imaging-guided transport 

can all benefit from the unique optical and magnetic properties of inorganic nanoparticles, 

such as gold nanoparticles (AuNPs), mesoporous silica nanoparticles (MSNs), and magnetic 

nanoparticles.
[24]

 AuNPs are suitable carriers of the Cas9-sgRNA complex because of their 

exceptional cellular absorption and modifiable surface chemistry.
[25]

 However, evaluations of 

long-term toxicity and in vivo clearance are currently ongoing. For clear understanding, a 

comparative overview of different Nanoparticle classes for CRISPR delivery are listed in the 

below table. 

 

Table 2: Nanoparticle classes for CRISPR Delivery. 

Type of the 

Nanoparticles (NPs) 
Advantages Challenges 

Lipid- based NPs 
Bio-compatible, 

Efficient encapsulation, 

Endosomal escape 

inefficiencies, 
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Success with mRNA /LNP Vaccines. Stability problems.
[26]

 

Polymeric NPs(PLGA, 

PEI, Chitosan) 

Biodegradable, 

Adjustable release, 

Versatile surface function. 

Cytotoxicity, 

Varied efficiency based on 

composition.
[27]

 

Gold NPs 

High cellular uptake, 

Modifiable surface, 

Optical/magnetic imaging potential. 

Potential long-term 

toxicity, 

Slow clearance in-vivo.
[28]

 

Mesoporous silica NPs 

Large surface area, 

Controlled release, 

Versatile modification. 

Poor bio-degradability, 

Limited in-vivo 

validation.
[29]

 

Hybrid NPs (lipid-

polymer combination) 

Has both advantages of lipid and 

polymeric particles, 

Improved stability and targeting. 

Complex design, 

Scale-up challenges.
[30]

 

 

By combining properties from multiple classes (lipid-polymer hybrids, for instance), hybrid 

nanoparticles aim to optimize advantages including stability, biocompatibility, and targeted 

specificity. Some research have demonstrated the effectiveness of these techniques as in vivo 

genome editing tools, particularly when combined with ligands like as aptamers, peptides, or 

antibodies for cell-specific delivery.
[31]

 

 

 
Fig: CRISPR -cas9 delivery pathway. 

 

Despite promising advancements, there are still significant challenges in the delivery of 

CRISPR via nanoparticles. These include limited transfection efficacy in primary cells, 

uncontrolled breakdown or premature release, ineffective endosomal escape, and obstacles to 

target tissue penetration.
[32]

 To overcome these challenges, recent research has focused on 

intelligent nanoparticle design, where machine learning approaches3 aid in the prediction and 

optimization of formulation parameters.
[33]

 An AI-driven technique for creating nanoparticles 

will be discussed in the next section. 

 

The function of artificial Intelligence in genome editing 

Genome editing is one biomedical field where artificial intelligence (AI) has become a game-

changing method. Because it can evaluate large amounts of data, find hidden patterns, and 



Shireen et al.                                                                       World Journal of Pharmaceutical Research 

www.wjpr.net      │     Vol 14, Issue 21, 2025.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

446 

forecast biological outcomes, it has been very useful for refining CRISPR-Cas9 

technology.
[34]

 By enhancing the precision, security, and effectiveness of CRISPR-Cas9 

applications at several phases—from guide RNA synthesis to delivery system optimization—

AI-driven models may hasten the development of genome editing techniques.  One of the 

most significant applications of AI in genome editing is the creation of sgRNA (single-guide 

RNA).
[35]

 The ability of sgRNA to precisely bind to the target region without producing off-

target effects is a crucial component of CRISPR-Cas9's efficacy and specificity.
[36]

 AI 

methods, particularly machine learning and deep learning models, evaluate large genomic 

datasets to identify the most effective and least error-prone guide sequences.
[37]

 Tools like 

DeepCRISPR, CRISPR-Net, and CROP-IT use convolutional neural networks (CNNs) and 

support vector machines (SVMs) to precisely quantify on-target efficiency and decrease off-

target activity.
[38] 

AI applications and their roles in genome editing are described in the below 

table. 

 

Table 3: AI applications in genome editing. 

AI Application Role 

SgRNA Design 
Uses deep learning to predict high-efficiency guides to 

minimize oof-targets.
[39]

 

Nanoparticle optimization 
Predicts optimal particle size, charge, shape, and ligand choice 

for enhanced delivery.
[40]

 

Target site prediction 
Identifies efficient and safe location for genome editing  by 

adding genomic context.
[41]

 

Safety and toxicity profiling Predicts immunogenicity, and toxicity before in-vivo studies
[42]

 

 

AI significantly helps with target site prediction by integrating genomic context, epigenetic 

modifications, chromatin accessibility, and other regulatory factors to identify a safe and 

efficient locus for gene editing. This is particularly crucial in therapeutic contexts when 

unintentional alterations could result in genotoxicity or oncogenesis. Beyond genome 

targeting, artificial intelligence (AI), especially in conjunction with nanotechnology, is 

revolutionizing delivery system design. AI models can predict the optimal nanoparticle 

properties, such as size, shape, surface charge, and ligand selection, for the efficient 

dispersion of CRISPR components.
[43]

 By analyzing high-dimensional formulation data, AI 

can identify correlations between nanoparticle properties and biological outcomes such as 

cellular uptake, endosomal escape, and gene editing efficiency.
[44]

 This predictive power 

reduces the need for laborious experimental screening and expedites the formulation 

optimization process. 
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AI also aids with safety evaluation, which includes immunogenicity prediction and the 

toxicity profile of delivery systems and CRISPR components.
[45]

 AI-based screening 

techniques can detect potential side effects and replicate host immune responses before to in 

vivo testing.
[46]

 

 

Over all, adding AI to genome editing procedures increases precision, speeds up 

development, and reduces experimental costs. AI creates the foundation for personalized 

genome editing therapies that are appropriate for each patient's particular traits and medical 

issues, in addition to making it easier to rationally design nanoparticles for CRISPR-Cas9 

delivery. 

 

 

 

 

 

 

 

 

Fig: AI-driven optimization pipeline. 

 

 

Prediction of: Optimal sRNA 

design 

Nanoparticle formulation 

Target tissue interaction 

 Nanoparticle design 

Validation 
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Recent advancements and experimental findings 

The combination of nanotechnology and artificial intelligence (AI) has led to significant 

improvements in CRISPR-Cas9 delivery systems, particularly in improving the precision, 

safety, and efficacy of genome editing applications. AI-guided nanoparticle design has the 

potential to overcome some of the primary limitations of traditional delivery systems, as 

demonstrated by recent in silico calculations and real-world studies.
[47]

 A significant 

development in the field was the development of delivery methods that were mediated by 

lipid nanoparticles (LNP) and enhanced by machine learning techniques.
[48]

 For example, 

researchers have successfully assessed thousands of lipid compositions using AI techniques 

and predicted combinations that maximize encapsulation efficiency and transfection rates. In 

a groundbreaking study, Wei et al. (2021)   demonstrated an AI-optimized LNP formulation 

that delivered CRISPR-Cas9 RNPs with >70% gene knockdown effectiveness in hepatocytes, 

with few off-target effects and no detectable immunotoxicity in vivo. The following picture 

depicts a more clear description of AI-assisted CRISPR-Ca9 using nanoparticles. 

 

 

Fig. 1: AI- assisted CRISPR-Cas9 using Nanoparticles. 

 

PEI-based polymers with enhanced endosomal escape characteristics and decreased 

cytotoxicity have been produced in the field of polymeric nanoparticles using deep learning 

methods. Experimental validations of these AI-predicted polymers showed superior editing 

efficiency in human embryonic kidney (HEK293T) cells and primary T-cells.
[49]

 Such 

technologies are now being used to study ex vivo genome editing in CAR-T cell therapy. The 

significance of integrating AI into CRISPR-nanoparticle platforms is reinforced by all these 

computational and experimental advancements. They demonstrate how AI accelerates 
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development and improves the translational viability of genome editing technologies, 

bringing them closer to safe and effective clinical applications.
[50]

 

 

Challenges and prospects for the future 

Despite the rapid advancement of CRISPR-Cas9 delivery systems and the potential of 

artificial intelligence (AI) in formulation design, several major barriers still stand in the way 

of these technologies' clinical translation. Solving these issues is essential to developing safe, 

efficient, and personalized genome editing therapies. 

 

1. Biological and Physiological Barriers 

The primary biological challenge is distributing CRISPR-Cas9 components in a tissue-

specific and efficient manner without triggering immune responses. Inadequate penetration 

across biological membranes, rapid clearance by the reticuloendothelial system (RES), and 

difficulty accessing difficult-to-reach areas like the brain and bone marrow are problems with 

many nanoparticle systems.
[51]

 Additionally, endosomal entrapment remains a significant 

barrier, preventing ingested nanoparticles from releasing their cargo into the cytoplasm or 

nucleus, leading to inadequate editing efficiency.
[52]

 

 

2. Off-Target effects and Genotoxicity 

Off-target gene changes remain a major safety concern even if AI improves the design of 

sgRNA as in vivo systems are complicated, existing prediction methods may not fully 

account for dynamic interactions, chromatin structure, and patient-specific genetic 

variation.
[53]

 Inadvertent changes can result in long-term consequences such as loss-of-

function mutations or oncogenic changes, more accurate and predictive AI models that are 

linked to real genomic data are required.
[54]

 

 

3. Nanoparticle toxicity and Biodegradability 

Certain nanoparticles, especially inorganic systems like gold or magnetic nanoparticles, have 

problems with toxicity and biodegradation. Reactive oxygen species generation, 

inflammatory responses, and accumulation in non-target tissues limit their clinical value.
[55]

 

 

Even though surface modifications like PEGylation increase circulation time, repeated dosing 

may result in anti-PEG immune reactions.
[56]
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4. Data limitations and Algorithm Transparency 

AI models used for genome editing and nanoparticle optimization sometimes rely on sparse 

or skewed datasets, especially in human in vivo contexts. Most models are trained on data 

from in vitro research or animals, which may not be accurate predictors of human outcomes. 

Additionally, many machine learning models function as "black boxes," which limits their 

interpretability and appeal to regulators.
[57]

 The need for explainable AI (XAI) methods that 

provide transparent decision-making is growing to ensure reproducibility and compliance.
[58]

 

 

5. Ethical, Regulatory, and Manufacturing Barriers 

Genome editing is subject to intense ethical and legal examination, especially when it comes 

to humans. AI-generated formulations require rigorous quality control and validation in 

accordance with Good Manufacturing Practice (GMP). The fact that the large-scale and cost-

effective production of AI-optimized nanoparticles is still in its infancy adds to worries about 

accessibility and scalability.
[59]

 Future safe, highly customized, and targeted genome editing 

treatments could be made possible by the development of multimodal platforms that integrate 

genomics, proteomics, AI, and nanotechnology.
[60]

 Collaboration between biologists, data 

scientists, pharmaceutical formulators, and regulators will be crucial. Future AI systems must 

also be adaptive, continuously learning from real-world data, to enhance both design and 

treatment outcomes. 

 

CONCLUSION 

Combining artificial intelligence (AI) with nanoparticle-based delivery methods is a 

significant advancement in the development of CRISPR-Cas9 genome editing technology. 

Even though CRISPR-Cas9's precision and programmability have transformed genetic 

alteration, the lack of a safe, efficient, and targeted delivery mechanism continues to be a 

major barrier to clinical translation. Nanoparticles, which can encapsulate CRISPR 

components and deliver them to specific tissues, offer a promising non-viral platform. 

However, controlling a complex range of biological and physicochemical variables is 

necessary to optimize these carriers.AI has developed into a powerful tool for handling this 

complexity. By simulating cellular interactions, refining sgRNA sequences, and employing 

predictive modeling to sArtitreamline the development of nanoparticle formulations, machine 

learning approaches can lessen the need for trial-and-error methods. utilized historically in 

the creation of pharmaceuticals. This synergistic approach not only enhances the safety and 



Shireen et al.                                                                       World Journal of Pharmaceutical Research 

www.wjpr.net      │     Vol 14, Issue 21, 2025.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

451 

precision of CRISPR-Cas9 systems, but it also expedites development and expands 

scalability for clinical use. 

 

Despite tremendous progress, problems with off-target effects, endosomal escape, 

nanoparticle toxicity, and regulatory acceptability persist. Future developments must focus on 

ensuring translational conformity with GMP standards, expanding validated datasets, and 

developing explainable AI models. Furthermore, long-term safety data and ethical concerns 

will be crucial in determining if AI-optimized gene editing treatments are used in human 

applications. In conclusion, the combination of AI and nanotechnology offers a novel and 

very promising approach for accurately, individually, and clinically administering CRISPR-

Cas9 components. Ongoing multidisciplinary research in this area is expected to fuel the next 

generation of genome-editing medicines. 

 

Key Takeaway from this article 

1. CRISPR-Cas9 holds immense therapeutic promise, but safe and efficient delivery remains 

the main obstacle. 

2. Nanoparticles are promising non-viral carriers, with lipid, polymeric, gold, silica and 

hybrid systems offering adjustable properties but challenges in stability, toxicity and 

scalability.  

3. Artificial Intelligence enhances delivery optimization by predicting sgRNA efficiency, 

nanoparticles properties, biodistribution and safety profiles. 

4. AI -guided nanocarriers have shown superior performance in recent studies improving 

editing efficiency while minimizing off-targets effects and toxicity. 

5. Future progress requires explainable AI, improved biocompatibility and multidisciplinary 

collaboration. 
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