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Abstract 

CRISPR-Cas9 is rapidly entering molecular biology and biomedicine as a promising gene-

editing tool. A unique feature of CRISPR-Cas9 is a single guide RNA directing a Cas9 nuclease 

towards its genomic target. Herein, we highlight new approaches for improving cellular uptake 

and endosomal escape of CRISPR-Cas9. As opposed to other recently published works, this 

review is focused on non-viral carriers as a means to facilitate the cellular uptake of CRISPR-

Cas9 through endocytosis. The majority of non-viral carriers, such as gold nanoparticles, 

polymer nanoparticles, lipid nanoparticles and nanoscale zeolitic imidazole frameworks, are 

developed with a focus towards optimizing the endosomal escape of CRISPR-Cas9 by taking 

advantage of the acidic environment in the late endosomes. 

Among the most broadly used methods for in vitro and ex vivo ribonucleotide protein 

transfection are electroporation and microinjection. Thus, other delivery formats are warranted 

for in vivo delivery of CRISPR-Cas9. Herein, we specifically revise the use of peptide and 

nanoparticle-based systems as platforms for CRISPR-Cas9 delivery in vivo. Finally, we highlight 

future perspectives of the CRISPR-Cas9 gene-editing tool and the prospects of using non-viral 

vectors to improve its bioavailability and therapeutic potential. 

 

 

  

Jo
urn

al 
Pre-

pro
of



 

2 

 

Introduction 

The clustered regularly interspaced short palindromic repeat (CRISPR) and its associated 

protein (Cas) complex were originally discovered in bacteria and archaea.1,2 A groundbreaking 

gene editing application of CRISPR-Cas in mammalian cells was reported 30 years later.3-7 The 

CRISPR-Cas locus consists of clustered Cas genes followed further downstream by palindromic 

DNA repeat sequences interspaced by variable sequences (spacers) (Figure 1a). The direct 

repeats ensure that the CRISPR system can distinguish between self and non-self-recognition.8,9 

Spacers derived from foreign DNA dictate the targeting specificity of the nuclease domain in the 

Cas protein responsible for catalyzing double strand breaks (DSB) in the targeted genomic 

sequence.8 

 

Figure 1 here 

 

The majority of CRISPR-based gene-editing tools is derived from the type II adaptive 

immune defense system evolved in bacteria to combat invading viruses.10-12 In type II CRISPR 

the trans-activating CRISPR RNA (tracrRNA) forms an RNA duplex with CRISPR RNA 

(crRNA) by hybridizing with the direct repeats within the CRISPR array.8 This RNA duplex, 

called guide RNA (gRNA), forms a complex with Cas9 protein. When the gRNA recognizes a 

viral DNA, it directs the Cas9 complex to the target strand, which matches a spacer in the 

CRISPR array. The nuclease domains of Cas9 subsequently catalyze the DNA DSB causing a 

silencing effect on the target gene.8  

In 2012, this CRISPR-method was successfully applied to multiple locations of DNA in 

eukaryotic cells, by changing the single guide RNA (sgRNA) to match the desired target genetic 

sequence.13 The sgRNA is produced by fusing a crRNA, containing a targeting guide sequence, 

to a tracrRNA, which facilitates DNA cleavage by Cas9.8 The Cas protein efficiently scans DNA 

for the presence of short protospacer adjacent motif (PAM) sequences upstream of the target 

recognition site. Upon recognition of PAM and binding, Cas unwinds the adjacent DNA, which 

becomes available for hybridization with the target domain of the crRNA (or sgRNA) producing 

a triple-stranded R-loop structure. If the match is complete, the Cas nuclease domains (HNH and 

RuvC) will catalyze the splitting of the bonds in the two DNA strands14 thereby introducing 

DSB.15 
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The repair mechanism in the cell nucleus aims to recover the damaged DNA through one of 

two cellular repair mechanisms; the non-homologous end joining (NHEJ) pathway or the 

homology-directed repair (HDR) pathway (Figure 1c).8,16 The NHEJ pathway is prone to errors 

and often leads to either insertion or deletion of bases during repair. The repair mechanism of 

HDR has previously been used to introduce defined alterations, such as insertions, into the 

genetic sequence.17-19 In doing so, a target DNA must be added to the CRISPR-Cas9 complex 

containing the desired genetic sequence. By pairing up with the cut ends, the target DNA is 

inserted into the original DNA strand. Application-wise, much effort has been put into better 

understanding a way to control the two repair pathways depending on which type of mutation is 

desired. The NHEJ pathway is primed for investigating the function of a gene by disrupting it, 

e.g. by creating knockout genes in mice.20-23 On the other hand, the inherent function of the HDR 

pathway has potential to replace the dysfunctional and mutated gene with a wild type genetic 

sequence.24-27 For example, the HDR-directed CRISPR-Cas9 technology can in this way be used 

to correct mutations in disease causing genes or to engineer T cells for cancer immunotherapy.28-

34 One way to promote the HDR pathway is to inhibit the NHEJ pathway either by gene silencing 

or by the action of small molecule inhibitors.30,31 However, so far this approach has only been 

partially efficient.16 

CRISPR-Cas9 still needs to meet several requirements to become an effective therapeutic 

tool. As in the case for other gene therapies,35-37 the targeted delivery of CRISPR-Cas9 remains a 

major challenge. Selected attempts to deliver CRISPR-Cas9 into eukaryotic cells are discussed 

below. 

 

Current challenges of CRISPR-Cas9   

There are several considerations and challenges regarding future therapeutic use of the 

CRISPR-Cas9 system. First, the clinical field so far has focused on identifying ex vivo delivery 

options. In vivo delivery remains more challenging from a technical point of view and is 

associated with multiple potential side effects.23,26  

 

In relation to improving the bioavailability of CRISPR-Cas9, major obstacles include (I) 

efficient uptake in the eukaryotic cell;38 (II) efficient and reliable endosomal escape;39 (III) 

chemical and enzymatic stability;40 and (IV) specificity of the CRISPR-Cas9 complex for target 
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DNA.41-44 This review focuses on addressing I and II while also providing future prospects on 

how to solve these issues. 

 

Intracellular delivery of CRISPR-Cas9  

Owing to its large size and polyionic nature, the CRISPR-Cas9 protein complex does not 

readily cross the cellular membrane and is in needs of assistance in order to do so.45,46 In the 

following section different methods for cellular uptake of the Cas9/sgRNA complex are 

reviewed. 

Various delivery methods have previously been investigated as a means to facilitate cellular 

uptake of Cas9/sgRNA. Essentially, two main parameters are known to affect uptake; cargo 

design and a delivery system.47 The three main strategies typically adopted for CRISPR/Cas9 

cargo design include plasmid-based CRISPR-Cas9, a mixture of Cas9 mRNA and sgRNA, and 

Cas9/sgRNA (i.e. complex) (Figure 2). The delivery systems may further be divided into two 

main categories, namely viral vectors and non-viral vectors.29,47 

The first strategy involves a DNA plasmid-based CRISPR-Cas9 system,48-50 where the Cas9 

protein and the sgRNA are encoded into the same plasmid vector. The second strategy aims at 

delivering mRNA for Cas9 (to be translated inside the cell)51,52 in conjunction with a separate 

sgRNA. The common denominator for these two approaches is the post-uptake biosynthesis of 

the desired CRISPR-Cas9 complex. Finally, a third strategy seeks to deliver fully assembled 

Cas9/sgRNA complexes by use of non-viral vectors.29 

 

Figure 2 here 

 

In strategy I, a well-defined plasmid encoding both the Cas9 protein and the sgRNA is 

delivered to the cell.29 One main drawback of this approach is the need for efficient intranuclear 

delivery − a task generally considered difficult.53-55 Furthermore, the plasmid must be translated 

into Cas9 mRNA inside the cell, which requires a long target-editing time.29 This can lead to 

overexpression of Cas protein, which may further result in unwanted immune responses caused 

by the bacterial sequences as well as off-target effects and suboptimal safety. 29,56,57  
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In strategy II, genome editing takes place after the Cas9 mRNA expression, and the 

Cas9/sgRNA complex is formed inside the cell. Advantages of this strategy include reduced off-

target effects compared to the plasmid-based strategy due to the use of mRNA and its reportedly 

low cytotoxicity in primary cells and cell lines.58,59 In addition, the mRNA only needs to enter 

the cytoplasm rather than the nucleus, an inherently easier task to achieve.60 A disadvantage with 

the mRNA-based strategy is the poor circulatory- and intracellular stability of mRNA.29 

Nevertheless, this is the strategy that is being actively pursued in on-going research and clinical 

trials.61,62 

 

Strategy III concerns the delivery of exogenous Cas9/sgRNA. The overall positive charge of 

the Cas9 protein enables it to form strong complexation to negatively charged sgRNA.63,64 

Delivery of the Cas9/sgRNA complex (also known as RNA-guided endonuclease (RGEN)52 or 

ribonucleoprotein complex (RNP)29) has many advantages such as reduced off-target effects, 

lowered toxicity and immune responses, rapid action and high gene editing efficiency.65 Further, 

there is no need for codon optimization and promoter selection.29 However, many obstacles are 

associated with transfecting large RNPs.29 Next, we will revise representative methods 

previously employed as tools to accommodate transfection of CRISPR/Cas9. 

 

Delivery systems for CRISPR-Cas9 

As described above, the CRISPR-Cas9 complex and/or its components need a delivery system 

in order to cross the cell membrane.29,57 Current strategies for CRISPR-Cas9 delivery are based 

mainly on viral vectors. In the following, viral and non-viral delivery systems (including 

physical and chemical approaches) for CRISPR-Cas9 are reviewed. 

 

Viral vectors 

Viral vectors have been developed to effectively deliver nucleic acid-based therapeutics in 

vitro, ex vivo and in vivo and they can be applied to deliver plasmid-based CRISPR-Cas9 to 

mammalian cells.66 Important examples of viral vector delivery systems are adeno-associated 

virus (AAV) and lentivirus, reviewed below.67  

 

Delivery based on adeno-associated virus (AAV) 
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AAV is a small non-enveloped parvovirus that contains a single stranded DNA (ssDNA). It is 

serotype specific and can infect both dividing and non-dividing cells. Owing to the high 

efficiency of transduction of a broad range of target tissues and good safety profile, AAV has 

been actively explored for gene editing in vivo.29 AAVs exhibit excellent genotoxicity profiles, 

which is  also supported by multiple studies in vivo68, and by clinical trials, e.g. with no tumor 

formation documented >7 years post-gene transfer in hemophilia B subjects.69 Nevertheless, 

immune responses to both AAV capsid and the encapsulated transgene have been reported.68,70 

Therefore, immunogenicity remains a key point in assessing the safety profile of AAV gene 

therapy.68 

Immune responses to the AAV capsid can be divided into two groups: pre-existing 

neutralizing antibodies to AAV and CD8+ T cell-mediated cytotoxic immune response toward 

transduced cells presenting AAV capsid antigens. Among other strategies, use of 

immunosuppression has been suggested to manage immune response to AAV gene.71,72 

Furthermore, Xiang et al. showed that by reducing the number of CpG motifs from the AVV 

genome, the expansion of naïve T cells directed against an epitope within the capsid was 

lowered.73  

Directing AAV to specific tissues and cells is highly desired for in vivo applications. For 

example, Bengtsson et al. developed an approach for editing the mutation in dystrophic mdx4cv 

mice using systemic administration of single and dual AAV vectors carrying muscle-specific 

Cas9 cassette together with sgRNA cassettes.74 Muscle-restricted Cas9 expression enabled direct 

editing of the mutation causing Duchenne muscular dystrophy, multi-exon deletion or complete 

gene correction via homologous recombination in myogenic cells.74   

Directing AAV to CNS is another exciting approach with multiple potential applications. 

Nonnenmacher et al. recently reported an efficient screening model for peptide components that 

allow for BBB penetration by AAVs.75 Ten individual variants were characterized in vivo and 

showed up to 400-fold higher brain transduction over AAV9 following systemic administration. 

It is well known that the majority of plasmid vectors exist in an extrachromosomal state. 

However, it has been shown previously that a fraction of AAV vectors integrates into pre-

existing DBS.76,77 Furthermore, NHEJ-mediated integration of AAV vectors was also observed 

after DSBs induced by zinc-finger nuclease or CRISPR in liver, muscle, and eye.78-80 
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Hanlon et al. observed high levels of AAV integration (up to 47%) into Cas9-induced DSBs 

in therapeutically relevant genes in cultured murine neurons, mouse brain, muscle and cochlea.81 

The impact of AAV transfection on genome in mouse brain showed no overall increase of AAV 

integration except at the CRISPR-Cas9 target site. The integration profile of the developed 

vector AAV-465λ in cultured cells was analyzed by sequencing. It revealed both full-length and 

fragmented AAV genomes at Cas9 on-target sites. The authors underline that based on their 

results, AAV integration is common, and it should be considered for AAV applications in 

translational studies. 

In the context of Cas delivery, another critical limitation of viral vectors is the need for a self-

inactivating system to limit overexpression and potential immunogenicity against bacterial Cas 

protein, and potential elimination of edited cells by cell immunity. Li et al. described a self-

deleting AAV-CRISPR system that introduces insertion and deletion mutations into AAV 

episomes.82 This system dramatically reduces the level of Cas (> 79%) at high rates of on-target 

editing in the liver. Off-target mutagenesis was not observed for the self-deleting Cas9 guide 

RNA at any of the predicted potential off-target sites examined.  

Another limit of AAVs for CRISPR-Cas9 delivery is the packing limit, which is 

approximately 4.5 kb. The sequence encoding SpCas9 protein and sgRNA is approximately 4.2 

kb.29  

 

Lentivirus-based delivery 

Lentivirus is another viral delivery system often applied in CRISPR. Lentivirus belongs to 

retroviruses, where the ssRNA genome is being reversed transcribed into cDNA upon cellular 

entry. Lentiviruses can integrate a significant amount of viral cDNA into the DNA of the host 

cell and can efficiently infect non-dividing cells. By integrating their genome into the host 

germline genome, lentiviruses can also become endogenous causing the virus to be inherited by 

the host's offspring cells.83 

Generally, most of the lentiviral vectors tested thus far induced undetectable activation of 

innate immune responses.84-86 Stimulation of adaptive immune responses against lentiviral 

vectors was effective in causing a decrease in transgene expression only if the immune response 

was directed against the transgene.87 In case of tissue expressed vector-derived epitopes, this 

could lead to immunogenicity. The lentivirus is characterized by long-term expression of 
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transduced genes. Long-term toxicity is further expected for gene products with an immunogenic 

profile.87 

Tissue and cell specificity has been explored for lentiviruses. Recently, Park et al. designed a 

lentivirus-RNA system, though not CRISPR, to target overexpressed vascular endothelial growth 

factor (VEGF) A in human gastric cancer cells and proved its tumor specificity in vivo.88 In 

another recent work, Raikwar et al. directed CRISPR to reactive glial cells surrounding the 

amyloid plaques in the mouse model of Alzheimer’s disease. Microglia cells is the major source 

of proinflammatory cytokines and chemokines including glia maturation factor (GMF).89 The 

developed lentiviral vectors expressed either Streptococcus pyogenes (Sp) Cas9 or GMF-

sgRNAs. Using this system, targeting of GMF was achieved selectively in glial cells.  

The amount and persistence of Cas expression in target cells has been also correlated to off-

target mutation rate. Thus, high concentrations of the Cas nuclease are reported to increase off-

site cleavage, whereas lower amounts improve the specificity.90,91 Petris et al. developed a self-

limiting “hit and go” system, SLiCES, which consists of an expression unit for Streptococcus 

pyogenes Cas9 (SpCas9), a self-targeting sgRNA and a second sgRNA targeting a chosen 

genomic locus.92 SLiCES was tested in lentiviral delivery system. The self-limiting circuit 

resulted in increased genome editing specificity by controlling Cas9 levels, with off-target gene 

editing reduced up to 5-fold by the self-limiting system. 

A promising hybrid approach to sgRNA/Cas9 delivery ex vivo has been demonstrated by 

Shifrut et al.33 In this work, sgRNA-loaded lentivirus was first delivered to T cells, and then 

Cas9 protein was delivered to these cells by electroporation.33 The rationale behind this approach 

is that by directly delivering Cas9, the mutation is induced more quickly than when mRNA 

encoding for Cas9 is applied. This strategy allowed for the identification of gene modifications 

that promote T cell proliferation in response to stimulation.33  

Immune-cell engineering with CRISPR opens new capabilities for fundamental immunology 

research and immunotherapy. Among others, systems for efficient generation of chimeric antigen 

receptor (CAR)-engineered T cells (CAR-T cells) are in development. Herein, viral delivery of 

CRISPR, mainly done ex vivo, has been dominating the field. The success of CAR-T cells for the 

treatment of B cell leukemias and lymphomas has been remarkable, and this approach has relied 

heavily on lentivirus-mediated gene transfer.93-95 
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Lentiviruses and other retroviruses have also been explored for editing natural killer (NK) 

cells in the context of immuno-oncology applications.96 Contrary to T cells, NKs eliminate their 

targets in a non-antigen specific manner and do not carry the risk of inducing graft vs. host 

disease, allowing application of donor-derived cells in an allogenic setting.96 Hence, unlike 

autologous CAR-T cells, therapeutic CD19-CAR-NK cells can be generated as an off-the-shelf 

product from healthy donors.  

Overall, viral vectors are generally considered efficient. However, several drawbacks to this 

technique include undesired genetic alterations and host immune responses which leads to 

potential issues with applications in vivo, as well as limitations of insertion size.16 These issues 

are being addressed in part by non-viral delivery systems reviewed below. 

 

Non-viral vectors 

The main gain of using non-viral vectors over viral vectors is the higher safety.97,98 

Furthermore, there is no size limit on the transgenic DNA to be transported by non-viral vectors, 

and non-viral delivery systems are readily available and cost-effective.29 On the contrary, non-

viral vectors have a poor delivery efficacy, which limits in vivo applications.97,98 However, 

different ligands such as antibodies and aptamers can be implemented into the non-viral vector 

design to induce cellular uptake through receptor mediated endocytosis.16 Physical delivery of 

CRISPR-Cas9 is limited to cellular and ex vivo applications.99,100 RNPs are more complicated 

than other programmable nucleases such as zinc-finger nucleases (ZFNs) and cell-penetrating 

peptide (CPP)-conjugated transcription activator-like effector nucleases (TALENs).56 This is 

because RNPs contain both a protein and a sgRNA. Physical delivery of RNPs, along with a 

hybrid delivery by physical methods with viral carries have been used to generate modified cells, 

which can be applied for studying genetic diseases and specific gene functions.33  

Overall, non-viral delivery systems include physical delivery methods such as electroporation, 

microinjection and hydrodynamic injection, whereas chemical delivery methods cover ligand-

mediated delivery systems, CPPs, and nanoparticles, the latter of which includes exosomes, lipid 

nanoparticles (LNPs), organic and inorganic polymers. The physical delivery methods cannot be 

translated to in vivo applications. In the remaining sections, we focus on the non-viral delivery 

methods, more specifically CPP-conjugates and nanoparticles, as tools for CRISPR-Cas9 

delivery which potentially could be applied in vivo. 
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Ligand-mediated targeted delivery of CRISPR-Cas9 

Receptor-facilitated and cell type selective gene editing by CRISPR-Cas has been explored by 

Rouet et al.101 Focusing on hepatocyte selective delivery, CRISPR-Cas9 RNP harboring a ligand 

for the asialoglycoprotein receptor (ASPGR) was engineered and tested in cells. ASPGR is 

expressed almost exclusively by liver-derived cells (e.g. HEPG2). Ligand variants for ASPGR 

were designed and synthesized to be attached to Cas9 via a cleavable disulfide linker. The 

product conjugates were tested in HEPG2 cells with sgRNA targeting fluorescent protein 

reporters. It was shown that ASPGR ligand-Cas RNPs were internalized via receptor-mediated 

endocytosis. Subsequent endosomal escape, assisted by an endosomolytic agent, followed by 

nuclear transport, ultimately resulted in selective gene editing.101 

 

Cell-penetrating peptides (CPPs) for CRISPR-Cas9 delivery 

CPP is a short peptide sequence consisting of highly abundant positively charged amino acids 

or alternating polar and nonpolar amino acid residues. These peptides have the ability to cross 

the cell membrane by different mechanisms including direct penetration, translocation mediated 

by endocytosis or formation of pores.36 

The delivery of Cas by non-viral vectors reduces mutation rates by circumventing potential 

overexpression of Cas reported in Strategy I (plasmid delivery).90,91 The covalent attachment of 

CPPs onto the Cas protein allows plasmid transfection to proceed without the need for 

exogenously added transfection reagents. Ramakrishna et al. (2014) successfully produced a 

CPP-Cas9 construct by conjugating CPP to the C-terminus end of Cas9 (Figure 3a).64 

Specifically, introducing a C-terminal cysteine residue enabled its conjugation with a maleimide 

functionalized CPP through a thioether bond. They also introduced a His tag on the N terminus 

and a hemagglutinin (HA) tag on the C terminus on the Cas9 protein for purification and 

detection purposes (Figure 3a).64 Additionally, an sgRNA was co-formulated by complexation to 

a naked CPP (Figure 3b). The overall positive charge of the CPP surface can facilitate cellular 

uptake through interaction with the negatively charged plasma membrane.64 

 

Figure 3 here 
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The electrostatics favor 9R and sgRNA to condense into positively charged nanoparticles, 

which were found to efficiently transfect sgRNA into cells.64 Experiments showed that efficiency 

(on-target effects) and specificity (off-target effects) are strongly affected by Cas9 protein and 

sgRNA concentrations. Furthermore, the mutation frequency was found to depend on various 

factors such as number of treatments, exposure time, incubation temperatures and the sgRNA to 

m9R ratios.64 

Production of recombinant Cas9 with CPP has the disadvantage of being difficult to handle, 

mainly due to the large size of Cas (>150 kDa), and to be labor intensive and expensive.102 

A supramolecular strategy for the direct delivery of Cas9 by an amphiphilic penetrating 

peptide has been explored.103 The peptide/Cas9 non-covalent nanoparticles performed with 

similar efficiency and less toxicity than one of the best methods described to date. Notably, the 

complex also efficiently escaped from the endosomes. The results reported in this work 

confirmed that peptide amphiphilic vectors could deliver Cas9 in a single incubation step, via 

macropinocytic uptake mechanism, with good efficiency and low toxicity, so far confirmed only 

in cell lines (HeLa, A549 and DF1).102,103 

One disadvantage of using CPP-mediated delivery is that for most CPP sequences, the 

delivery is non-specific. Furthermore, extended structure-property studies and optimizations of 

CPPs are needed to achieve adequate protection against protease degradation in vivo.104,105 

Another major limitation of CPPs to be overcome is potential toxicity.106 Moreover, Venit et al. 

recently reported on gene expression alteration as a response to CPPs.107 For this study, four 

CPPs were selected, i.e. penetratin, PepFect14, mtCPP1 and TP10. After treatment with these 

CPPs, HeLa cells were transcriptionally profiled by RNA sequencing. Results from these 

analyses showed a time-dependent response to CPPs, with genes related to ribosome biogenesis, 

microtubule dynamics and long-noncoding RNAs being differentially expressed compared to 

untreated controls. The authors speculate that the gene expression alterations are a part of a 

natural response to such compounds. However, it potentially raises issues of gene toxicity 

towards CPPs that needs to be further assessed.107 It is also noteworthy that the toxicity of CPPs 

is dose dependent.  

Campeiro et al. in the aforementioned study reduced the dose of the CPP down to 

1 µg/animal/day for recurrent dosing, or did a high single dose (30 µg/animal) of acute ip 

administration of crotamine.104 Klein et al. reported on an arginine-rich Pip6a cell-penetrating 
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peptide and showed that Pip6a-conjugated morpholino phosphorodiamidate oligomer (PMO) 

dramatically enhanced antisense oligonucleotide delivery into striated muscles of DM1 mice 

following systemic administration in comparison with unconjugated PMO and other ASO 

strategies.108 Low-dose treatment with Pip6a-PMO-CAG targeting pathologic expansions (single 

dose, 12.5 mg/kg) was sufficient to reverse both splicing defects and myotonia in DM1 mice and 

normalized the overall disease transcriptome. Pip6 CPP series for in vivo gene therapy has been 

patented in 2016 by Gait et al.109 Studies are currently underway focusing on the in vivo 

toxicological profile of these compounds and understanding the minimal requirements of CPP 

composition to maintain robust activity while minimizing organ toxicity, especially 

nephrotoxicity.110 

 

Nanoparticles for CRISPR-Cas9 delivery  

Complexation of the CRISPR-Cas9 with non-viral vectors has previously shown to promote 

cellular uptake of CRISPR-Cas9.16 Based on the nature of the applied materials, nanoparticle 

systems for CRISPR delivery can be divided into four main categories: 1) exosomes, 2) artificial 

LNPs, 3) organic and 4) inorganic artificial nanoparticles. Notably, there are examples of 

combining these platforms; i.e. organic-inorganic and exosome-LNP fusions.  

Exosomes are nanoscale membrane vesicles secreted by most cells and function to transmit 

different signaling molecules such as mRNA, proteins and lipids. Due to the small size of 

exosomes (30-100 nm) they can escape via phagocytosis by mononuclear phagocytes and pass 

through the vascular endothelium to reach the target cells. They are considered rather effective 

drug delivery systems, as they exhibit a high degree of cellular targeting due to its surface 

proteins. However, exosomes are limited by size and their low efficiency to encapsulate large 

nucleic acids. Furthermore, exosomes are rather difficult to purify which is considered a major 

barrier for their clinical use.111 Lack of standardized isolation and purification methods and 

insufficient clinical grade production are other challenges to be overcome in order to make 

exosome-based delivery systems more accessible.  

  

As with CPPs, nanoparticles for CRIPSR-Cas9 delivery need to exhibit good tissue and cell 

specificity. Gulei et al. proposed cancer-engineered exosomes as delivery vesicles for 

necroptosis activation via CRISPR-Cas9.112 Targeted delivery could be achieved by developing 
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exosomes bearing a specific ligand on their surface. Once these exosomes were produced and 

selected, they were successfully applied as a delivery vesicle for CRISPR-Cas9 vectors targeting 

necroptotic pathway IAP1/2 and Caspase 8.  

 

LNPs are artificial lipid-based delivery vehicles with the ability to encapsulate large 

oligonucleotides, such as the CRISPR-Cas9 expression vector. It is generally acknowledged that 

LNPs possess limited cellular uptake and have a tropism to liver.113,114 This property has 

previously been exploited for editing the mouse transthyretin (Ttr) gene in liver, with a >97% 

reduction in serum protein levels that persisted for at least 12 months. The developed CRIPSR-

LNP delivery system was biodegradable and well tolerated.59 Nevertheless, LNPs need 

optimization and potentially surface decoration to target other tissues and cells.  

Rosenblum et al. reported on successful delivery of Cas9 mRNA and sgRNAs by using a 

novel ionizable lipid.115 In vivo, the system proved to be safe and efficient; a single intracerebral 

injection of CRISPR-LNPs against PLK1 (sgPLK1-cLNPs) into aggressive orthotopic 

glioblastoma enabled up to ~70% gene editing, which caused tumor cell apoptosis, inhibited 

tumor growth by 50%, and improved survival by 30%. To reach disseminated tumors, CRISPR 

LNPs were also engineered for antibody-targeted delivery. Intraperitoneal injections of EGFR-

targeted sgPLK1-cLNPs caused their selective uptake into disseminated ovarian tumors and 

enabled up to ~80% gene editing in vivo, inhibited tumor growth, and increased survival by 

80%.115 

In another recent work, Qui et al. explored LNPs for repair of loss-of-function mutations in 

angiopoietin-like 3 (Angptl3) that is associated with lowered blood lipid levels.116 In this study, 

Cas9 mRNA and gRNA for CRISPR-Cas9-based genome editing of Angptl3 were delivered by 

LNPs in vivo. This system mediated specific and efficient Angptl3 gene knockdown in the liver 

of wild-type C57BL/6 mice, resulting in profound reductions in serum ANGPTL3 protein, low 

density lipoprotein cholesterol, and triglyceride levels. The delivery platform was significantly 

more efficient than the FDA-approved MC-3 LNP, the current gold standard.117 Neither off-

target effects nor evidence of liver toxicity was detected. Remarkably, remission upon CRISPR-

Cas gene editing was stable for >100 days after a single dose treatment. 

An interesting approach has been taken by Lin et al. who reported on a fused hybrid exosome-

liposome nanoparticle system for CRISPR-Cas9 delivery.118 By fusing the exosome and 
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liposome together via incubation, a hybrid nanoparticle is created primed for encapsulating 

plasmids encoding the desired CRISPR-Cas9 during incubation.118 Lin et al. found that the 

resulting hybrid nanoparticles underwent cellular uptake to mesenchymal stem cells due to 

specific vesicle proteins in the surface of the exosome. It was further noticed that the hybrid 

nanoparticles had similar toxic effects as the liposomes, and it was concluded that the liposomes 

need to be further optimized in order to resolve this issue.118 

 

Lee et. al developed a gold nanoparticle system with a HDR directing plasmid containing 

Cas9 mRNA, sgRNA and a DNA template.119 Specifically, this system was composed of gold 

nanoparticles conjugated to DNA and complexed with the cationic endosomal disruptive 

polymer PAsp(DET).119 They found that this method readily delivers Cas9 protein and donor 

DNA into different cell types and correct DNA mutation of a given disease through the HDR 

pathway. This strategy, coined CRISPR-Gold, exhibits minimal off-target DNA damage and 

immunogenicity. The polymer PAsp(DET), which complexes the other components of the 

system, is the main mediator causing the endocytosis of CRISPR-Cas9 components while also 

triggering endosomal disruption and release of cargo. Here, glutathione cleaves DNA from the 

gold core of the complex leading to release of the Cas9 RNP and donor DNA119 (Figure 4). In 

this system, gold nanoparticles were coated with a densely packed layer of donor DNA with 

affinity for the Cas9-gRNA complex.  

 

Figure 4 here 

 

Thus, a number of non-viral vectors for CRISPR-Cas9 delivery exist. However, these systems 

need further development before they can replace the currently used viral-vectors such as 

AAVs.120  

 

Endosomal escape of CRISPR-Cas9 

Degradation in the acidic environment of the endo-lysosomes (endosomes fused with 

lysosomes) located in the cytoplasm must be avoided in order for the CRISPR-Cas9 system to 

reach the nucleus and the target DNA sequence.16,29 
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Different methods to induce endosomal escape are outlined above, for example the gold 

nanoparticle system using PAsp(DET) polymers that disrupt the vesicle after endocytosis.119 In 

the following section, methods for endosomal escape are explored in more detail, focusing on 

three main strategies: proton sponge, pH responsive nanoparticles and peptide-mediated systems, 

including dynamic polyconjugates. 

A common strategy to measure oligonucleotide uptake and intracellular distribution involves 

fluorescence read out of fluorophore-labeled sequences that have been incubated with cells.121 

Confocal fluorescence microscopy studies can be used to examine co-localization of a 

fluorophore-labeled oligonucleotide and dye-labeled antibodies of endocytic markers. In these 

co-localization experiments chloroquine is used as a control additive to halt endosomal 

maturation. Using this approach, scientists in the Crooke group at Ionis Pharmaceuticals 

identified coat protein complex II (COPII)-containing vesicles and associated tethering protein 

STX5 as facilitators of endosomal escape of single-stranded PS-oligonucleotides.122 

However, it is rather challenging to quantify weak and diffuse signals indicative of cytosolic 

uptake in the presence of bright signal in endo- and lysosomes.123 Furthermore, any punctate 

signal that does not co-localize with common endosomal markers such as Rab5 or EEA1 (early 

endosome), Rab7 (late endosome) and LAMP1 (lysosome) is often mischaracterized as 

endosomal escape. Co-incubation of samples with calcein prior to transfection is often another 

method used to overcome the requirement for fluorescent labelling. Calcein is a small 

membrane-impermeable dye that appears punctate when binding to endosomal and lysosomal 

compartments. However, this approach does not provide a direct measurement of cargo escape. 

Moreover, photobleaching of many common dyes used in fluorescence microscopy complicates 

the measurements.124 Quantitative measurements of endosomal escape are therefore very 

difficult.  

In spite of technical issues with direct measurement of efficacy, endosomal escape has been 

widely approached and characterized qualitatively, using fluorescence-based methods such as 

those mentioned above. A general approach explored for a vast number of oligonucleotide-based 

delivery systems is to utilize the change in pH in the acidic environment within the endo-

lysosomes. The “proton-sponge effect” is a phenomenon that takes advantage of the pH gradient 

change inside the endo-lysosome as it transgresses into the late-stage lysosome.125,126 This effect 

is accessed by use of polymers with a high proton buffering capacity. Most notably, polyamines 
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of secondary and/or tertiary nature are protonated inside the acidic endo-lysosomes, thus 

inducing a flow of chloride ions into the vesicles as counterbalance. This event creates an 

osmotic gradient across the vesicle,125,126 and consequently, the swelling of the endo-lysosome 

that eventually leads to a burst to release its contents into the cytoplasm.16 Different non-viral 

vectors exhibit this “proton-sponge effect”. For example, compounds such as chloroquine, 

imidazole and zinc chloride can be combined with cationic vectors in order to enhance the 

endosomal rupture.127,128  

 

Liu et al. designed a pH-responsive gas-generating polynanoparticle composed by poly(D,L-

lactic-co-glycolic acid (PLGA)) and ammonium bicarbonate as a stabilizer.129 Once the particles 

enter the acidic environment of an endo-lysosome, ammonium bicarbonate undergoes a chemical 

reaction to produce carbon dioxide and ammonia, causing the particle to rupture (Figure 5a). Liu 

et al. used this platform to introduce antigens into dendritic cells, but the system might be 

interesting for a non-viral CRISPR-Cas9 delivery carrier.129  

 

 

Figure 5 here 

 

Another option is to design membrane fusion peptides that undergo a structural change in 

acidic environments and to implement these in non-viral vectors.16 Such peptides may include 

GALA peptides and acid-activated melittin. They can undergo a conformational change from a 

random coil to a structured α-helix when they enter acidic pH, and this promotes endosomal 

fusion.17 However, toxicity is a potential risk with peptide-based systems as mentioned above 

and reviewed before.130 Therefore, a careful assessment of toxicity, ideally in vivo, is needed 

prior to applications.104 

Dynamic polyconjugates for endosomal escape have been explored by several research groups 

and industry. The technology was initially demonstrated by Meyer et al in 2007.131 It is based on 

using functionalized poly-lysine backbone typically modified covalently with an acid labile PEG 

functionality along with masked peptide melittin (Figure 5c). The obtained conjugate was 

activated in acidic compartments to facilitate endosomal escape for RNA therapeutics. In 

addition, positively charged amino groups in the poly-lysine framework were able to 
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electrostatically bind negatively charged RNA. Later on, it was reported that these constructs 

caused substantial liver necrosis with abdominal bleeding in mice.132 The likely reason for high 

toxicity of these dynamic conjugate was the risk for electrostatic aggregation into micrometer-

sized particles with accumulation in liver.133 

Rozema et al. used a similar approach for targeted liver delivery of gene therapeutics.134 The 

technology was based on poly butyl and amino vinyl ethers generating a masked endosomolytic 

polymer derived from melittin. The system included a PEG functionality and targeted the liver 

via the apolipoprotein B receptor. This approach was initially developed with support from 

Mirus Bio Corporation, later absorbed by Roche and then transferred to Arrowhead.135 Using the 

optimized melittin variant, Arrowhead’s technology demonstrated >90% knockdown in 

hepatocytes at low dose (3 mg/kg) in non-human primates. Unfortunately, clinical trials 

conducted in 2015-18 showed toxicity of the dynamic conjugates, likely occurring from 

melittin.136 This led to Arrowhead dropping all three clinical programs that rely on melittin. In 

2019, Colletti et al. at Merck filed a patent on a similar technology.137 To date, no information on 

initiated clinical trials has been disclosed. 

 

Aiming for a safe solution to the problem of endosomal escape, Liu et al. took inspiration 

from natural phospholipids that comprise biological membranes. They prepared and tested in 

vivo multi-tailed ionizable phospholipids (iPhos) capable of delivering mRNA or mRNA/sgRNA 

(Figure 5d).138 Optimized iPhos lipids were composed of one pH-switchable zwitterion and three 

hydrophobic tails adopting a cone shape once entering the acidic environments of the endosome. 

The lowering of pH facilitates membrane hexagonal transformation and subsequent cargo release 

from the endosomes (Figure 5d). A structure-activity relationship study revealed that iPhos 

modulates in vivo efficacy and organ selectivity. In this system, zwitterionic and ionizable 

cationic helper lipids aided delivery of mRNA and CRISPR-Cas9 selectively to spleen, liver and 

lungs, where gene editing took place. 

Another rapidly growing field uses inorganic chemistry approaches for creating nanoscale 

frameworks with tunable biological properties including propensity for endosomal escape. 

Alsaiari et al. designed a nanoscale zeolitic imidazole framework (ZIF) able to encapsulate the 

CRISPR-Cas9 complex.139 It is a subclass of metal-organic frameworks, which are formed by the 

coordination between Zn2+ ions and 2-methylimidazole.139 ZIFs exhibit good biocompatibility 
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and have adjustable pore openings, which can accommodate compounds of different shape and 

sizes. Imidazole linkers have a decent pH-buffering capacity and the ability to promote 

endosomal escape. For example, a CRISPR-Cas9 ZIF (CC ZIF) (Figure 5b) has previously been 

prepared by mixing Cas9 protein and sgRNA in PBS. Next, a 2-methylimidazole solution (pH 7) 

was added followed by an aqueous solution of zinc nitrate. The CC-ZIF compound was found to 

be stable at neutral pH, however gradual degradation of the CC-ZIF complex accelerated at 

lower pH, likely due to protonation of the imidazole ring causing the destabilization of CC-ZIF. 

They found that at the point of rupture, the Cas9-sgRNA complex was released into the 

cytoplasm from where it migrated into the nucleus. One major advantage of the CC-ZIF complex 

is that it is biodegradable and non-toxic at lower concentrations (below 100 µg/mL).139 

Although being a hot spot in nucleic acid research, endosomal escape is still rather poorly 

characterized quantitatively. This is mainly due to technical issues with existing fluorescence-

based methods, as mentioned above. To address this, Teo et al. recently reported on a 

quantitative strategy for measuring endosomal escape123 called Split Luciferase Endosomal 

Escape Quantification (SLEEQ). In brief, the split luciferase assay is comprised of two subunits: 

Large BiT protein (LgBiT, 17.8 kDa) and a high affinity complementary peptide (HiBiT, 1.3 

kDa). LgBiT was expressed as a fusion protein with actin, causing the transport of LgBiT into 

the cytosol, and the attachment to green fluorescent protein (GFP) further enabled its 

quantification in the cytosol. Teo et al. demonstrated that SLEEQ could be used to detect 

picomolar concentrations of proteins delivered to the cytosol, and to quantify the efficiency of 

endosomal escape. 

SLEEQ was used to evaluate the endosomal escape of a range of widely studied putative 

endosomal escape peptides (EEPs). Putative EEPs were fused to GFP as a model delivery cargo. 

Eight widely used EEPs were tested including polycationic TAT, polyarginine (R9), 5.3, ZF5.3, 

and amphiphilic peptides pHlip, melittin-derived pHD118and HA2.  

Overall, endosomal escape was shown to be a highly inefficient process, with only ~2% of 

GFP reaching the cytosol in HEK293 cells, and ~7% of GFP reaching the cytosol in HeLa cells. 

Positively charged EEPs increased the total amount of protein delivered to the cytosol. However, 

according to the SLEEQ data, the efficiency of endosomal escape was the same or lower than the 

efficiency of GFP escape without EEPs. This suggests that the positively charged EEPs increased 

cytosolic accumulation mostly through non-specific association with the cells, rather than 
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inducing an active mechanism of endosomal escape. The authors argue that since the selected 

EEPs did not increase endosomal escape, a more appropriate name for this group of peptides 

would be membrane adsorptive peptides (MAPs). 

 

Discussion 

The concept of solving two of the major challenges associated with effective CRISPR-Cas9 

gene modification, namely cellular uptake and endosomal escape, by using a single delivery 

system, seems promising. Along with toxicity and specificity, addressing these two major issues 

potentially would allow for systemic administration of CRISPR-Cas9 in patients. 

In this work, we review several existing methods to shorten the gap between preclinical and 

clinical trials. Thus far, viral vectors have been dominating in the clinical exploration of 

CRISPR, with CAR-T and applications in cancer immunotherapy being ultimate successes 

achieved to date.93-95 High doses of viral vectors are typically needed for successful 

transfection.33,93-95,140 Moreover, lentiviruses that are currently used ex vivo also have a 

substantial risk of unspecific gene editing due to prolonged transduction times.90,91 In vivo 

applications of viral carriers have also raised concerns in terms of toxicity.141 

A promising new direction would be to switch to non-viral delivery methods, both for ex vivo 

and in vivo delivery routes. Inducing cellular uptake through endocytosis by non-viral vectors 

can reduce immunogenicity, unspecific gene editing and toxicity compared to the use of viral 

vectors. Systems with the ability to encapsulate the entire Cas9 protein and sgRNA now exist.101 

Contrary to the plasmid vector strategy, these components are readily primed to perform gene 

editing functions once entering the cell.33,101 

Non-viral delivery systems are represented by a variety of approaches, with LNPs59,115,116 and 

exosomes112 being among the most advanced ones. Issues relating to production and scale-up 

have been partly solved for LNP-based technologies, however reliable scale up procedures for 

exosomes still need further development. 

Peptide-based systems64 and inorganic frameworks119 compatible with CRISPR delivery are 

under rapid development, with several successful examples already demonstrated in vivo.60,142 

These systems possess many advantages including robustness, large loading capacity and the 

possibility of scale up for translational applications. Tissue and cell specificity, potential toxicity 

and biological stability are critical parameters for these systems to be taken into 
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consideration.101,104 To assess these metrics, most studies have been limited to in vitro 

examinations and cellular assays. However, in vivo data is still needed to fully evaluate the 

delivery potential of these systems.104 

Suboptimal endosomal escape is still hampering the advancement of nucleic acid therapeutics 

in a clinical setting. Taking inspiration from natural vesicles such as exosomes and phospholipids 

that comprise biological membranes, successful systems delivering CRISPR-Cas components, 

have been proposed and tested, also in vivo.138 

Furthermore, the pH in the endo-lysosomes is acidic and this can be used as a trigger for 

endosomal escape for the Cas9-sgRNA complex by use of components that are responsive to 

change in pH from neutral to acidic.137 It is important to ensure that the components used for 

non-viral transport of the CRISPR-Cas9 complex are non-toxic, biodegradable and that such 

excipients do not cause immune response activation.130-133 

Structure-activity relationship studies are critical to advance further the field of non-viral 

delivery systems for CRISPR gene editing. A few such studies conducted on LNPs reveal that 

rather minute details in chemical structure (of the lipid components) control in vivo efficacy and 

organ selectivity.138 As an example, zwitterionic, ionizable cationic and permanently cationic 

helper lipids enable tissue-selective mRNA delivery and CRISPR-Cas9 gene editing in spleen, 

liver and lungs (respectively) following intravenous administration. This rational design of 

functional phospholipids demonstrates a substantial value for gene editing research and 

therapeutic applications. 

 

Conclusion  

Despite the promising outlook for the CRISPR-Cas9 gene-editing tool different challenges 

still need to be overcome. This review has focused on two of these problems, namely cellular 

uptake and endosomal escape. To date, viral-vectors account for the majority of reported 

delivery systems employed for CRISPR-Cas9.93-95 However, these systems’ propensity to 

activate immune defenses in vivo141 has also partly justified research into other delivery 

technologies, such as non-viral vectors. Regardless of the delivery system used, key properties of 

any CRISPR vector include targeted and efficient delivery, low toxicity and a high gene editing 

rate. In several works, the cell’s own defense mechanism against macromolecules – endocytosis 

– is being used as a means to promote cellular uptake of the Cas9-sgRNA complex.101,138 
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Endosomal escape is critical for non-viral vectors. Once the Cas9-sgRNA resides inside the 

cell’s endosome, the transgression from endosome into the acidic lysosome promotes pH 

sensitive compounds to react, either by chemical reactions or conformational changes, such as 

peptide trigged cytosolic release of Cas9-sgRNA.16,129 Moreover, various non-viral delivery 

vectors can be tailored to fit a certain tissue or cell specific release, such as surface-modified 

nanoparticles112 or conjugates of Cas and/or sgRNA with a specific ligand.64,101 

Herein, we have reviewed some of the most recent methods employed to address these 

challenges. Given the attractiveness of CRISPR for medical applications, multiple approaches 

are expected to be explored in future. Ex vivo delivery of CRISPR-Cas is currently one of the 

most studied approaches, as it solves issues relating to cell specificity and the inherent 

immunogenicity of CRISPR-Cas.93-95 A shift towards systemic administration of CRISPR-Cas 

would be a major breakthrough in the field and requires development of more sophisticated 

delivery routes with high efficacy and safety profiles,101,103 self-limiting systems92 etc. Herein 

non-viral systems are promising candidates with the potential of tunable cell and tissue 

specificity,101 high loading capacity,59 the possibility to include endosomolytic agents101 and 

lower immunogenicity.101,138 In the future, to secure translation into the clinic, it is important to 

consider toxicity, immune response and an efficient metabolism of new non-viral vectors for 

CRISPR-Cas9 gene editing. 
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Figure legends 

 

Figure 2. CRISPR-Cas9 structure and function. a) A generalized CRISPR locus in bacteria. 

Cas genes encode for Cas proteins whose functions are to add new spacer repeats, process 

CRISPR transcript and cleave the DNA upon recognition. The spacers are variable sequences 

derived from encounters with DNA phages.4 CRISPR arrays are first transcribed as single RNA 

before they are further processed into CRISPR RNAs (crRNAs), which direct the activity of the 

Cas enzyme.19 b) CRISPR-Cas9 consists of a Cas9 protein with two cutting domains (RuvC and 

HNH) and a single guide RNA (gRNA) that recognizes the complementary DNA sequence. c) 

Repair mechanisms as result double stranded breaks on DNA catalyzed by CRISPR-Cas9: The 

non-homologous end joining (NHEJ) pathway creates an insertion thereby knocking out a 

functional gene; homology-directed repair (HDR) corrects the gene in presence of a donor 

template.   

 

 

Figure 2. Cargo-based delivery methods of the CRISPR-Cas9 complex. Strategy I: Plasmid-

based CRISPR-Cas9 system encoding both Cas9 and sgRNA. Strategy II: Cellular delivery of 

Cas9 encoding mRNA in combination with sgRNA. Inside the cell, the mRNA is translated to 

Cas9 protein and the Cas9/sgRNA complex is formed. Strategy III: Direct delivery of the fully 

assembled Cas9/sgRNA complex into the cell.29 

 

 

Figure 3. CPP-mediated delivery of Cas9/sgRNA system. a) Cas9 protein conjugated to a CPP 

(m9R) via a thioether bond. b) Subsequently, sgRNA forms a complex with the CPP domain of 

CPP(m9R) due to electrostatic attractions.64 Amino acids indicated by yellow (Cys), brown 

(Gly), blue (Arg), orange (Lys). 

 

Figure 4. Synthesis of CRISPR-Gold system. Illustration of cellular uptake and endosomal 

escape mechanism by the CRISPR-Gold nanoparticle delivery system. The CRISPR-Gold 

complex is uptaken by the cell and triggers endosomal escape by the PAsp(DET) polymer. The 
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Cas9-sgRNA and donor DNA migrates to the nucleus to perform gene editing through the HDR 

pathway .119 

 

 

Figure 5. Endosomal escape methods applied to CRISPR-Cas9. a) Proton sponge: When 

ammonium bicarbonate (NH4HCO3) reacts with protons in the acidic environment in endo-

lysosomes, the products formed (CO2 and NH3) disrupt the vesicle resulting in endosomal 

escape.129 b) Synthesis of CC-ZIFs and endosomal escape induced by CC-ZIFs through 

protonation of the imidazole ring.139 c) Principles for function of dynamic conjugates with pH 

labile dimethylmaleic anhydride (DMMAn) protected melittin,131 and d) Ionizable phospholipids 

(iPhos) adopting a cone shape once entering the acidic environments of the endosome making 

the endosomal release due to interacting with cell membrane.138 
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In this review we describe recent advances in CRISPR-Cas9 technology for gene therapy and 
research applications. In particular, we describe novel peptides and inorganic materials for the 
specific delivery of CRISPR-Cas9 that allow for efficient cellular uptake and endosomal escape. 
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