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Abstract

Genome-editing technologies hold tremendous potential for treating genetic diseases. However, 

the efficient and safe delivery of genome-editing elements to the location of interest, and the 

achievement of specific targeted gene correction without off-target side effect remains a big 

challenge. In this perspective, we highlight recent developments and discuss the challenges of non-

viral nanoparticles for the delivery of genome-editing tools. Finally, we will propose promising 

strategies to improve the delivery efficacy and advance the clinical translation of gene-editing 

technology.
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1. INTRODUCTION

The clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 9 

(Cas9) system has emerged as one of the most revolutionary biological tools in recent years.
1–3 The CRISPR/Cas9 system contains two components: a nuclease protein Cas9 that binds 
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to DNA and initiates double-strand breaks (DSBs), and a very shot single guide RNA 

(sgRNA) that directs the Cas9 nuclease to the targeted genomic locus.4–6 Nuclease-induced 

DSBs can be naturally repaired by the cell through two different mechanisms:4 

nonhomologous end-joining (NHEJ), which often causes gene coding sequence disruption 

by inducing indel mutations, and homology directed repair (HDR), which precisely correct 

gene mutations by using an exogenous DNA template (Figure 1). The CRISPR/Cas9 

technology has widespread application in characterization of disease targets,7 creation of 

human cellular and animal models of disease,8, 9 and site-specific therapeutic genome 

editing to correct and treat a wide range of diseases.10 The first CRISPR/Cas9-based human 

clinical trial is already under way in China11 and the first CRISPR-for-cancer clinical trial in 

the US was recently authorized by the FDA (Clinicaltrials.gov Identifier: NCT03399448).

Despite the historic milestones which have already been made in the rapidly developing field 

of CRISPR/Cas9-based gene editing, the safe and effective delivery of the CRISPR/Cas9 

gene editing cargoes, however, remains a big challenge. Until now, physical (electroporation, 

microinjection, and hydrodynamic injection) and viral (lentivirus, adenovirus, and adeno-

associated virus (AAV)) approaches are the most widely used strategies for CRISPR/Cas9 

delivery.12–15 Physical methods often afford high transfection efficiency but are most suited 

for ex vivo cell engineering, such as CAR-T engineering,16 and are not clinically-applicable 

techniques for systemic therapeutics delivery.14 Viral vectors show high efficacy on 

CRISPR/Cas9 delivery but suffer from limitations related to the restricted packaging ability, 

potent immunogenicity, risk of unwanted insertional mutagenesis, as well as the safety 

concerns such as the constant expression of the Cas9 protein in clinical translation.13, 17 

Non-viral nanoparticles, like polymeric nanoparticles, liposomes, lipid nanoparticles 

(LNPs), and inorganic nanoparticles, have emerged as promising alternatives because they 

have the potential to be engineered to overcome many of these limitations.9, 18–20 Thus, in 

this perspective, we will highlight recent developments and discuss the challenges and 

limitations that non-viral nanoparticles faced in the delivery of genome-editing tools. 

Finally, promising strategies to improve the delivery efficacy and advance the clinical 

translation of gene-editing technology will be proposed.

2. APPROACHES DEVELOPED FOR NON-VIRAL DELIVERY OF DNA AND 

RNA

The past few decades have witnessed remarkable progress in the development of non-viral 

vectors for effective delivery of nucleic acid therapeutics such as plasmid DNA, mRNA, and 

siRNA.21–23 The ability of naked plasmid DNA and mRNA to induce sustainable protein 

expression in mice via intramuscular administration was first demonstrated in 1990.24 Since 

then, many delivery approaches have been developed for non-viral therapeutic nucleic acid 

delivery, including physical methods (such as electroporation, gene gun, hydrodynamic 

delivery, and others.),14, 25 and chemical approaches (such as lipids, liposomes, polymeric 

nanoparticles, and inorganic nanoparticles).26–30 Commercially available transfection 

reagents, such as Lipofectamine (which is sold in a variety of proprietary formulations) and 

JetPEI are the most commonly used non-viral vectors for in vitro intracellular nucleic acids 

delivery. In August 2018, FDA approved the first of a new class of RNA-based therapies, 
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Patisiran™, for the treatment of polyneuropathy caused by hereditary transthyretin-mediated 

amyloidosis (hATTR) in adults.31 Patisiran™, which is based on LNPs, uses siRNA to 

interfere with the production of TTR protein via intravenous administration. In addition to 

Patisiran™, there are many nucleic acids-based therapies currently undergoing clinical trials 

at various stages. As an alternative to nanoparticles, another approach has been the direct 

conjugation of bioactive ligands to the RNAs, which endow them with the ability to enter the 

cells of interests. N-acetylgalactosamine (GalNAc) are the most clinically advanced RNA-

conjugates, which are typically dosed subcutaneously and have the ability to target to 

hepatocytes in liver.32, 33

CAN WE DIRECTLY ADAPT WHAT HAS BEEN DEVELOPED FOR NUCLEIC 

ACID DELIVERY FOR CRISPR-BASED GENE EDITING?

Traditional nucleic acid-based therapy is a single component system. For example, plasmid 

DNA or mRNA can act alone express the desired protein once introduced into the cells and 

exert its biological function. Small RNAs and DNAs, such as siRNA, microRNA (miRNA), 

or anti-sense oligonucleotide (ASO), must complex with the RNA-induced silencing 

complex (RISC) or the Ribonuclease H in order to exert biological function, but these 

components are natively expressed in the target cells, so no additional therapeutic molecule 

needs be delivered. In contrast, CRISPR-based gene editing requires two non-native 

components, the endonuclease protein and the targeting sgRNA, which both need to be 

delivered to the cell in order to exert biological function. The Cas9 and sgRNA both need to 

be delivered to the target cell, and then they must form complex in order to have biological 

function, Hence, there are several unique factors to consider when designing a CRISPR 

delivery vector.

3.1. Using Cas9 encoding plasmid, mRNA or Cas9 protein directly?

CRISPR/Cas9 components can be delivered into cells in different strategies (Figure 2): (1) 

DNA gene-based delivery, in which plasmids or viral vectors that encode for the expression 

of both Cas9 and sgRNA are delivered; (2) RNA-based delivery, in which Cas9 mRNA with 

a sgRNA are delivered using traditional RNA delivery vectors, and (3) protein-based 

delivery, in which the Cas9 protein is complexed with a synthetic sgRNA (ribonucleoprotein 

complex, RNP) ex vivo, and the entire complex is delivered together.34, 35 Plasmid DNA 

delivery is an appealing delivery approach for gene editing due to the good stability and easy 

design and preparation of plasmids. However, to generate the final gene-editing protein 

complex, the plasmid DNA needs to be delivered into the nucleus, and the target cells native 

transcription mechanism must be recruited to transcribe the gene into mRNA, transport the 

mRNA into the cytoplasm where it will be translated into the protein, and then transport the 

protein back into the nucleus where the CRISPR mechanism can exert its effect on the cell’s 

genomic DNA. Due to this long biological process, the peak protein production from 

plasmid DNA delivery are usually observed 24–48 hours after plasmid delivery. Moreover, 

the plasmid delivery may induce more off-targeting editing than other delivery approaches, 

and may risk triggering an immunogenic response.36 As compared to plasmid DNA, the 

delivery of Cas9 mRNA results in quicker expression, with peak protein expression typically 

seen within 6 hours of deliver, due to the fact that the Cas9 mRNA bypasses the first steps of 
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nuclear delivery and DNA transcription; translation of mRNA into protein occur 

immediately following cytosolic delivery.37 This approach mitigates the risk of off-target 

effects and reduced the probability of insertional mutagenesis. However, mRNA is less 

stable than plasmid DNA both during storage prior to delivery and also in vivo after the 

delivery, which is a big challenge for this type of delivery strategy. Another unique 

consideration for mRNA delivery is the timing to introduce the gRNA. The gRNA molecule 

cannot exert an effect until the mRNA has been translated into protein, and due to the 

instability of RNA, it may be optimal to first deliver the mRNA alone, allow some time for 

the mRNA to be translated, and only then deliver the gRNA. This may maximize the 

formation of functional Cas9/sgRNA complexes, but requires the sgRNA to be delivered into 

the cells at the right place as well as the right time. Delivery of Cas9 directly as a 

ribonucleoprotein complex is more straightforward. Unlike gene delivery, protein delivery is 

instantaneous and transient, and therefore avoids the concern of permanently integrating 

CRISPR genes into the host genome. Cas9 protein is usually preassembled with sgRNA to 

form RNP complex in vitro and delivered in a single unit. This avoids some of the timing 

and delivery issues of mRNA/gRNA delivery, and allows the therapeutic effect to be exerted 

nearly instantaneously.

4. CURRENT NON-VIRAL NANOPARTICLES DELIVERY APPROACHES 

FOR GENOME EDITING

4.1. Lipid nanoparticles

So far, some well-developed non-viral platforms for nucleic acids delivery have been 

adapted for genome-editing applications. Commercialized cationic lipid nucleic acid 

transfection reagents, like Lipofectamine 2000™, Lipofectamine 3000™, RNAiMAX ™ 

etc., can potently intracellularly deliver protein or nucleic acids to cells for genome-editing. 

Liu and coworkers reported the use of Lipofectamine 2000™ and RNAiMAX ™ for 

efficient delivery of engineered Cre-recombinase, TALENs, and Cas9/sgRNA RNPS into 

mammalian cells; they demonstrated that delivery of Cas9/sgRNA into the mouse inner ear 

resulted in 20% modification efficiency in mouse cochlea hair cells.38 Although the 

commercially available transfection reagents show good potential in genome-editing 

application, they are limited by their high toxicity and inflammatory side effects. Cationic 

lipids synthesized in a combinatorial method have the potential to overcome these 

drawbacks.39 We recently reported the development of a combinatorial library of cationic 

bioreducible lipids to deliver a supernegatively charged genome-editing protein. The library 

is generated through the Michael addition reaction between an amine head group and an 

acrylate tail group bearing a bioreducible disulfide bond.40 The incorporated disulfide bond 

in lipids can be cleaved under the high GSH condition in the cells, which facilities the 

endosomal escape of genome-editing tools encapsulated nanoparticles into cytosol and 

nucleus for genome-editing. The simple chemical reaction allows a variety of amine and 

acrylate groups to be reacted in a combinatorial fashion to generate a large library of lipid-

like materials which can be used as delivery vectors. We used the library screening strategy 

to evaluate the ability of these lipids for Cas9/sgRNA delivery for genome editing. The 8-

O14B lipid, one of the leading candidates screened out from 12 bioreducible lipids, showed 

excellent ability to deliver negatively supercharged Cre ((−27)GFP-Cre)), achieving ~80% 
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GFP-Cre-mediated recombination efficiency in vitro, which was higher than that of 

Lipofectamine 2000™. Additionally, the in vivo local delivery of (−27)GFP-Cre) into mouse 

brain demonstrated functional modification in vivo. This demonstrates that the lipids have 

the potential to be a promising platform for protein-mediated genome-editing therapy for 

brain diseases. Moreover, we also identified lipids 3-O14B, 4-O14B, and 6-O14B which 

delivered the Cas9/sgRNA complex at a comparable genome editing efficiency to that of 

Lipofectamine 2000™.

In addition to the delivery of genome-editing proteins, lipid materials have also been used to 

deliver Cas9 mRNA and sgRNAs both in vitro and in vivo. For example, zwitterionic amino 

lipids (ZALs) were employed for the co-delivery of Cas9 mRNA and sgRNAs for genome-

editing.41 The intravenous co-delivery of Cas9 mRNA and sgLoxP achieved detectable 

expression of floxed tdTomato in the liver, lung, and kidneys of genetically engineered mice. 

In another study, Cas9 mRNA and sgRNA were delivered by lipid-like NPs to the liver to 

treat HBV infection and hypercholesterolemia systemically in adult animals.37

4.2. Polymeric nanoparticles

For the delivery of genome-editing tools, cationic polymers have been commonly used to 

improve cellular uptake, facilitate endosomal escape, and enhance the overall transfection 

efficiency. In one study, Wei and colleagues reported the preparation of a multifunctional 

nucleus-targeting “core-shell” artificial virus (RRPHC) for the delivery of CRISPR-Cas9 

system.42 RRPHC contained a fluorinated polymer (PF33) core to bind with the CRISPR-

Cas9 plasmid and a multifunctional shell RGD-R8-PEG-HA (RRPH). Cas9-hMTH1 system 

loaded RRPHC showed effective MTH1 gene disruption and significantly inhibited the 

tumor growth in vivo. Murthy and colleagues reported a CRISPR delivery system in which 

Cas9/sgRNA RNPs were adsorbed onto DNA-conjugated gold nanoparticles, and then 

coated with the cationic endosomal disruptive polymer poly(N-(N-(2-

aminotehyl)-2aminoethyl) aspartamide) (PAsp(DET)). This system, which they named 

CRISPR-Gold, was used to directly deliver Cas9 RNP and donor DNA in vivo via local 

injection in a mouse model of Duchenne Muscular Dystrophy (DMD) and induced 5.4% of 

dystrophin gene correction in mdx mice.43 Substantial progress has been made in using this 

system to deliver CRISPR-Cas9 and Cpf1 (another RNA guided endonucleases) to edit 

genes in the brains of adult mice via a local intracranial administration.44 Recently, Leong 

and Cheng demonstrated the use of a PEGylated nanoparticles (P-HNPs) based on a water-

soluble, α-helical cationic polypeptide poly(γ−4-(2-(piperidin-1-

yl)ethyl)aminomethyl)benzyl-L-glutamate) (PPABLG) to deliver Cas9 and synthesized 

sgRNA plasmids for genome-editing.45

4.3. Inorganic nanoparticles

Gold nanoparticles are a good nanocarrier for RNP delivery. In one study, gold nanoparticles 

were co-assembled with a glutamate peptide tag (E-tag) engineered Cas9 protein and a 

sgRNA into nano-assemblies for highly efficient direct cytoplasmic/nuclear RNP delivery.46 

In recent years, metal-organic frameworks (MOFs) have gained significant attention as 

nanocarriers in biomedical applications for their tunable pore size and rigid structure, which 

have been demonstrated to be able to not only effectively encapsulate but also protect 
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nucleic acids and proteins from degradation.47, 48 Recently, these have also been explored to 

deliver CRISPR/Cas9 RNP for genome editing.49

5. CHALLENGES FOR NON-VIRAL NANOPARTICLE-MEDIATED DELIVERY 

OF GENOME-EDITING SYSTEMS

Even though huge progress has been made in non-viral nanoparticle design for intracellular 

protein and gene delivery, the efficient and safe delivery of genome-editing tools remains a 

large challenge. Effective packing of the editing tools into a single vector is the first major 

challenge. As mentioned above, at least two critical elements should be encapsulated into 

the nanoparticles. For protein-based delivery, the commonly used Cas9 is positively charged 

(net charge: +20) with a molecular weight of ~160 KDa, which was larger than that of the 

most proteins, sgRNA is negatively charged with a molecular weight of ~31 KDa.46, 50 

Thus, it is difficult to encapsulate these components by using the developed non-viral gene 

or protein delivery systems directly. Moreover, the incorporation of additional DNA 

template for HDR applications will further challenge the nanocarrier design. As with the 

protein form, Cas9 mRNA and plasmids also have large sizes, which hinders effective 

packing in most vectors. To address this challenge, new strategies have been developed. For 

example, Daniel and coworkers reported the combination of non-viral lipid nanoparticles-

mediated Cas9 mRNA delivery with AAV (viral) encoded sgRNA and HDR repair template 

to cure Fahmut/mut mice via systemic administration.51

Systemic delivery is the second challenge due to the intrinsic fragile properties of proteins, 

RNAs, and even DNA plasmids. Editing tools usually have low plasma stability, so they will 

be rapidly degraded after exposure to blood. This can be due to both active degradation by 

nucleases and proteases in the blood, as well as passive adsorption of blood proteins 

blocking the function of these cargoes. Recent research has also identified the endogenous 

presence of anti-Cas9 antibodies in some humans.52 Thus, how to encapsulate the editing 

tools into the interior of nanoparticle to protect them from degradation, recognition, and 

clearance is challenging. However, after systemic administration the nanocomplexes 

themselves are also prone to absorb circulating proteins onto their surface, which will induce 

the recognition and clearance of these particles by the reticuloendothelial system (RES). The 

most commonly-used strategy to reduce RES-mediated clearance is PEGylation, in which 

the antifouling hydrophilic molecule PEG is coated onto the surface of the nanoparticles.53 

Although PEGylation could increase the circulation time as well as the accumulation of 

nanoparticle in the targeted sites, the accompanied decrease of cellular uptake should also be 

noted.

Therefore, efficient cellular uptake is the next challenge that should be taken into 

consideration while designing the delivery vehicles. Like most other proteins and nucleic 

acids, the naked genome-editing tools are cell membrane impermeable. To improve the 

cellular uptake of gene-editing elements, active targeting strategies are often employed. 

Many types of ligands, including peptides, antibodies, aptamers, transferrin, and mono-/

poly-saccharide can be introduced onto the surface of non-viral nanoparticles to enhance the 

cellular uptake via receptor-mediated endocytosis.54, 55 To address the need for targeted 
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RNP delivery, Dounna and coworkers developed an engineered CRISPR-Cas9 RNP 

harboring a ligand for the asialoglycoprotein receptor ligands (ASGPrL) (Cas9-ASGPrL 

RNP) for hepatocyte-specific RNP delivery.56 The Cas9-ASGPrL RNP resulted in receptor-

facilitated, cell -type specific gene editing in HEPG2 cells, an ASGPr positive liver-derived 

cell line.

In addition to cellular uptake, nanoparticle entrapment and degradation within endosomes or 

lysosomes is also a critical barrier for efficient delivery of genome-editing systems. Vectors 

with proton buffer capacity, such as cationic lipids, polyethyleneimine (PEI), or poly(2-

(dimethylamino) ethyl metharylate) (PDMAEMA), have been widely used to disrupt the 

endosomal or lysosomal membrane, facilitating the endosomal/lysosomal escape of the 

cargo. Membrane fusion peptides (such as GALA peptide) and cell penetrating peptides 

(such as TAT and R8 peptide) have also been extensively exploited to facilitate endo-/

lysosomal escape.57–59

Immunogenicity is another major challenge since the most widely used orthologs of Cas9 

proteins are derived from Staphylococcus aureus and Streptococcus pyogenes. These two 

bacterial species are common naturally and have high infection frequencies in mammals, 

including humans. When humans are exposed to these pathogens over the course of daily 

life, they are typically expected to elicit an immunogenic response.60–62 This immune 

response may result in the generation of antibodies targeting S. aureus and S. pyogenes 
proteins, which will then recognize and disable the therapeutically beneficial Cas9 proteins. 

This phenomenon may hinder the safe and efficacious use of CRISPR/Cas9 in human 

patients, and may cause significant side effects. Thus, further work may be needed to 

minimize this immune response in human patients.

Off-target editing effects have always been the major concern regarding the in vivo 
application or clinical translation of CRISPR technology. Off-target editing concerns can be 

broken into two broad categories: biological off-target editing (in which the CRISPR 

complex results in a DSB at an off-target locus in the genome), and off-target delivery 

effects (in which the CRISPR complex is delivered to a target organ where it is not 

necessary to exert its therapeutic effect). From the biological point of view, scientists have 

developed several strategies, including using the Cpf1 enzyme (also known as Cas12a) 

which has higher specificity than that of spCas9 variant and other advantages,63, engineering 

of the Cas9 protein itself to improve specificity, and using paired Cas9 nickase enzymes,64 

to reduce the off-target genome editing. From the delivery point of view, as discussed above, 

targeted delivery of CRISPR machinery to the specific organs or cell types using non-viral 

nanoparticles could be helpful to mitigate the off-target effect. Engineering the Cas9 protein 

to be inactive unless specifically in the presence of certain activating conditions, for example 

light or exogenous small molecules, may also improve the delivery targeting of therapeutic 

CRISPR65, 66 Meanwhile, the direct delivery of RNP complexes, which offers transient Cas9 

activity than virus or plasmid transfection, can results in reduced off-target events.67
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6. CONCLUSIONS AND FUTURE PERSPECTIVE

In conclusion, genome-editing technology is now revolutionizing the area of gene therapy. 

The final clinical translation of this technology, however, is largely reliant on the 

development of highly safe and efficient delivery systems. Non-viral nanoplatforms could 

expand the scope of genome-editing therapies into the next level. However, as discussed in 

this perspective, delivery of genome editing tools is much more difficult than traditional 

nucleic acid delivery. While the existing delivery systems for RNA or DNA delivery can be 

adapted for genome editing applications, the adaptation may not be straightforward, and a 

number of changes or developments may be necessary. Although many genome-editing 

delivery platforms have been developed so far, and a number of them have showed 

promising in vivo efficacy, but they all limited to local administration, the effective systemic 

delivery of genome-editing components in vivo into specifically targeted cells is still a large 

challenge.

To date, the most prominent non-viral strategy to delivery nucleic acids or CRISPR 

machineries is the use of cationic materials. However, these particles face potential systemic 

administration challenges, such as unfavorable protein absorption, rapid clearance by RES, 

and severe systemic cytotoxicity due to their cationic nature. These issues may be addressed 

by developing non-cationic materials which possess intrinsic affinity to the CRISPR cargoes 

though supramolecular interactions. Our recently developed nitrilotriacetic acid-containing 

lipidoid nanoparticles exhibit high genome editing efficiencies and low cytotoxicity in 

mammalian cells.68 In addition, unlike traditional protein or siRNA delivery, CRISPR 

elements must be delivered into the cell nucleus where genome editing happens, so the size 

and the nuclear localization or permeation properties of the nanoparticles should be well 

controlled. Moreover, off-target concerns should always be taken into consideration when 

designing a new delivery platform. Thus, increasingly precise, specific, and capable non-

viral nanosystems should be developed to further overcome these hurdles and to advance the 

application of genome-editing tools for basic biology research, biotechnology, and 

therapeutic development.
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ABBREVIATIONS

CRISPR/Cas9 clustered regularly interspaced short palindromic repeats-

associated protein 9

RNP ribonucleoprotein complex

DSBs double-strand breaks
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sgRNA single guide RNA

NHEJ nonhomologous end-joining

HDR homology directed repair

FDA Food and Drug Administration

AAV adeno-associated virus

LNPs lipid nanoparticles

hATTR hereditary transthyretin-mediated amyloidosis

GalNAc N-acetylgalactosamine

miRNA microRNA

ASO anti-sense oligonucleotide

RISC RNA-induced silencing complex

ZALs zwitterionic amino lipids

DMD Duchenne Muscular Dystrophy

MOFs metal-organic frameworks

E-tag glutamate peptide tag

RES reticuloendothelial system

ASGPrL asialoglycoprotein receptor ligands

PEI polyethyleneimine

PDMAEMA poly(2-(dimethylamino) ethyl metharylate)
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Figure 1. 
Schematic illustration of genome editing using double stranded break (DSB) induced by a 

programmable nuclease, and the two different pathways (NHEJ and HDR) for DSB repair.
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Figure 2. 
CRISPR/Cas9 delivery as plasmid DNA, mRNA, or protein. CRISPR/Cas9 components can 

be delivered into cells in either DNA, mRNA, or protein format to achieve a specific gene 

editing function. For non-viral nanoparticle-mediated delivery, each format should be 

encapsulated in nanocarriers for efficient intracellular uptake. After endocytosis into the cell, 

nanoparticles need to escape from endo-/lysosome. For plasmid DNA delivery, DNA needs 

to be delivered into the nucleus, and the target cells native transcription mechanism must be 

recruited to transcribe the gene into mRNA, transport the mRNA into the cytoplasm where it 

will be translated into the protein, and then transport the protein back into the nucleus where 

the CRISPR mechanism can exert its effect on the cell’s genomic DNA. For mRNA delivery, 

cargo should be released in the cytosol to enable mRNA translation to protein. Protein 

delivery is instantaneous and transient, results in the most immediate onset of gene editing, 

and therefore avoids the concern of permanently integrating CRISPR genes into the host 

genome.
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