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Abstract

In recent years, CRISPR (clustered regularly interspaced short palindromic repeat)/Cas (CRISPR-

associated) genome editing systems have become one of the most robust platforms in basic 

biomedical research and therapeutic applications. To date, efficient in vivo delivery of the 

CRISPR/Cas9 system to the targeted cells remains a challenge. Although viral vectors have been 

widely used in the delivery of the CRISPR/Cas9 system in vitro and in vivo, their fundamental 

shortcomings, such as the risk of carcinogenesis, limited insertion size, immune responses and 

difficulty in large-scale production, severely limit their further applications. Alternative non-viral 

delivery systems for CRISPR/Cas9 are urgently needed. With the rapid development of non-viral 

vectors, lipid- or polymer-based nanocarriers have shown great potential for CRISPR/Cas9 

delivery. In this review, we analyze the pros and cons of delivering CRISPR/Cas9 systems in the 

form of plasmid, mRNA, or protein and then discuss the limitations and challenges of CRISPR/

Cas9-based genome editing. Furthermore, current non-viral vectors that have been applied for 

CRISPR/Cas9 delivery in vitro and in vivo are outlined in details. Finally, critical obstacles for 

non-viral delivery of CRISPR/Cas9 system are highlighted and promising strategies to overcome 

these barriers are proposed.
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1. Introduction

CRISPR (clustered regularly interspaced short palindromic repeat)/Cas (CRISPR-

associated) systems are adaptable immune mechanisms of many bacteria and archaea to 
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protect themselves from invading nucleic acids [1–4]. Since first applied in mammalian cells 

in 2013, CRISPR/Cas system, based on a RNA-guided nuclease, has revolutionized the way 

that genome editing is performed [5, 6]. To date, CRISPR/Cas systems have been 

categorized into three main types based on the core element content and sequences [7–9]. In 

Types I CRISPR/Cas systems, CASCADE (CRISPR-associated complex for antiviral 

defense) complexes containing multiple Cas protein subunits form complexes with crRNA to 

trigger the recognition and disruption of the target loci. In type III systems, crRNAs are 

incorporated into a multi-subunit interference complex called Cmr or Csm to detect and 

degrade invasive RNA. In sharp contrast, only the Cas9 protein is required for DNA 

interference in the type II systems [10–13]. Actually, the type II CRISPR/Cas system from 

streptococcus pyogenes (CRISPR/Cas9) has been widely applied in biomedical applications 

due to its simplicity, versatility, high specificity, and efficiency [14–18]. CRISPR/Cas9 

system contains two critical components: Cas9 nuclease and a guide RNA (gRNA) that is a 

fusion of a crRNA and a constant tracrRNA. Generally, gRNA can be easily replaced by a 

synthetic chimeric single guide RNA (sgRNA). In the presence of a protospacer-adjacent 

motif (PAM) (usually 5′-NGG), the Cas9 nuclease can be directed by a sgRNA to any 

targeted genomic locus based on base pairing and stimulate site-specific double-stranded 

DNA breaks (DSBs), where two cellular repair mechanisms-non-homologous end-joining 

(NHEJ) or homology-directed repair (HDR) pathways-can be exploited to induce error-

prone or defined alterations (Fig. 1) [13, 19–21]. Meanwhile, the CRISPR interference 

(CRISPRi) technology, which uses a catalytically dead Cas9 (dCas9) protein lacking 

endonuclease activity to regulate genes in an RNA-guided manner, has also been developed 

in recent years [22–24]. Besides, Cas9 nickases (RuvCD10A or HNHH840A), which cut one 

strand rather than both strands of the target DNA site have also been shown to be useful for 

genome editing [25, 26]. This method is applicable for genome editing of any model 

organism with minimal off-target effects [27, 28]. Recently, an alternative CRISPR-based 

nuclease Cpf1 has been discovered and share many similar advantages and shortcomings of 

Cas9 [29, 30].

With these merits, CRISPR/Cas9 systems have shown great potential in studying the 

function of genetic elements, disease modeling and therapy [31–38]. For example, CRISPR/

Cas9 systems have been applied to recapitulate cancer-associated genes both in vitro and in 
vivo, creating a convenient and effective platform to investigate cancer-related genetic 

mutations. Meanwhile, Cas9 nuclease can be easily adjusted to retarget new desired 

sequences by simply altering the sgRNA sequence and the system can simultaneously target 

multiple sequences for genome editing [39–41]. In the past decades, generating disease 

models was an extremely slow and expensive process, which requires complicated 

embryonic stem cell manipulation, as well as endless mouse husbandry to obtain the desired 

phenotype and genotype. However, after the emergence of CRISPR/Cas9 systems, novel 

disease models have been developed with unprecedented speed and precision resulting from 

the simplicity and flexibility of these systems [42–45]. Furthermore, CRISPR/Cas9 system 

holds tremendous promise for gene therapy [46–51]. It can correct causal mutations in the 

original genome and rescue the disease phenotypes of monogenic disorders permanently, 

which currently represents the most translatable field in CRISPR/Cas9-mediated disease 

therapy. In addition, CRISPR/Cas9 system has shown potentials in polygenetic diseases, 
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such as cancer, by inhibiting oncogene expression or deactivating oncogenic virus [52–55]. 

Recently, the first human CRISPR/Cas9-based clinical trial is on the move in China 

(ClinicalTrials.gov Identifier: NCT02793856) and the first CRISPR clinical trial in the US 

also received green light from the FDA [56, 57]. Both trials are based on editing ex vivo T 

cells from patients with CRISPR/Cas9 system and then transplanting these modified cells 

back into the patients to help augment cancer therapies.

Despite the aforementioned merits, efficient delivery may likely become the main hurdle in 

the eventual application and clinical translation of CRISPR/Cas9 system. Currently, the 

strategies of CRISPR/Cas9 delivery are mainly based on physical approaches 

(microinjection, electroporation, hydrodynamic injection, etc.) and viral vectors (lentivirus, 

adenovirus (Ad), adeno-associated virus (AAV), etc.) [58–60]. Generally, microinjection, 

electroporation and nucleofection are limited to use in cultured cells (zygotes, embryonic 

stem cells, T cells, etc.) in vitro [61–64], while hydrodynamic injection has been employed 

to deliver CRISPR cassettes to the liver in vivo [46, 60]. Unfortunately, although physical 

approaches are often successful in the laboratory, these methods are not very amenable for 

clinical translation. In recent years, viral vectors have been extensively applied to deliver 

CRISPR cassettes in vitro and in vivo largely owing to their high efficiency in gene delivery 

and long-term stable transgene expression [34, 58, 65]. Especially, AAV can be flexibly 

constructed to target specific organs or tissues based on the diverse tissue tropism of AAV 

serotypes [66, 67]. For instance, Yang et al. developed a dual-AAV8 system delivering 

CRISPR cassettes to correct the point mutation in newborn liver based on the high liver 

tropism of AAV8 [68]. Similarly, although highly efficient, the intrinsic drawbacks 

associated with viral vectors, including the risk of carcinogenesis, limitation of insertion 

size, immune responses and difficulty in large-scale production, severely limited their 

applications [69–72]. As an alternative, non-viral vectors may offer tantalizing possibility in 

CRISPR/Cas9 delivery with respect to their low immunogenicity, absence of endogenous 

virus recombination, less limitation in delivering larger genetic payloads and ease of large-

scale production [73–75]. So far, relatively low gene delivery efficiency and transgene 

expression have been the major barriers in non-viral vectors-based gene therapy [76, 77]. 

However, with the rapid development of novel biomaterials in recent years, efficient delivery 

of gene payloads to pass the multiple barriers under physiological conditions and promote 

transgene expression can be achieved.

In fact, there have been a number of excellent reviews concerning different delivery systems 

for CRISPR-based genome editing [78–81]. Thus, in this review, we do not intend to 

elaborate on the physical approaches and viral vectors in CRISPR/Cas9 delivery. Instead, we 

will discuss the limitations and challenges in CRISPR/Cas9-based genome editing, with 

focus on the recent progresses on non-viral vectors for CRISPR/Cas9 delivery, highlight the 

main extracellular and intracellular barriers of delivery, and finally propose some strategies 

to overcome these obstacles to fulfill the clinical need of CRISPR/Cas9-based genome 

editing.
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2. Limitations and challenges of CRISPR/Cas9-based genome editing

Before CRISPR-based genome editing can be seriously considered for clinical use, several 

practical issues and technical challenges must be addressed. At molecular level, there are 

three main issues that need to be overcome. First, setting and reaching the target site with 

efficiency and accuracy of both cleavage and repair to improve specificity and reduce off-

target probability. Second, understanding how to control various repair pathways-NHEJ or 

HDR- to facilitate switching based on experimental goals. Third, the CRISPR/Cas9 system 

needs to be more efficient to have therapeutic efficacy in treating diseases. For example, 

HDR pathway-mediated precise repair dramatically facilitates many areas of biomedical 

research. However, the desired recombination efficacy often occurs infrequently, which 

presents enormous challenges for robust applications [61, 82–84]. Although inhibiting the 

NHEJ pathway with gene silencing or chemical inhibitors can partially increase the 

efficiency of HDR pathway, the gene repair efficacy still needs to be further improved for 

disease therapy [82, 85]. Collectively, these issues call for the development of more effective 

CRISPR systems and more powerful predictable tools. For example, homology-independent 

targeted integration (HITI) strategy has been developed as an alternative approach for 

CRISPR/Cas9-mediated gene repair in recent studies [86, 87]. This approach allows for 

robust DNA knock-in in both dividing and non-dividing cells in vitro and in vivo [87]. There 

is no doubt that more effective CRISPR systems and tools will be available in the near future 

with the rapid advances of the scientific research.

Meanwhile, achieving efficient delivery of CRISPR system into particular cell types, tissues 

or organs for therapeutic benefit is another main ongoing challenge. Development of novel 

delivery approaches is essential for therapeutic application in vivo. Only when CRISPR/

Cas9 systems enter the targeted cells, they can perform more accurately and effectively. 

Additionally, in this way, the unwanted side effects can be significantly reduced and the 

systemic safety can be dramatically improved at both extracellular and intracellular levels.

3. Modes of CRISPR/Cas9 delivery

Generally, sgRNA can be incorporated into the plasmids (pX330, pX459 etc.) which contain 

the sgRNA scaffold or be obtained by in vitro transcription, while the donor template single 

stranded oligodeoxynucleotide (ssODN) needed for HDR-based gene correction can be 

synthesized in vitro or constructed in plasmids. Cas9 cassettes can be introduced into the 

CRISPR systems in three platforms: DNA, mRNA and protein. Each of these delivery 

strategies has advantages and shortcomings in effectiveness and faces unique challenges 

(Table 1).

The most straightforward approach is to directly deliver native Cas9 protein with sgRNA. In 

principle, this format enables the swiftest genome editing as there is no need for 

transcription and/or translation. It also offers the most transient functionality of genome 

editing cassette with reduced off-target effects and toxicity. However, due to the large size of 

Cas9 protein (~ 160 kD), the positive charge of Cas9 protein and the strong negative charge 

of sgRNA, the effective delivery of Cas9/sgRNA ribonucleoprotein complexes (RNPs) can 
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be difficult [88–91]. Meanwhile, obtaining pure active Cas9 protein is not trivial either. The 

cost and bacteria endotoxin contamination also need to be carefully addressed.

An alternative option is to use Cas9 mRNA together with sgRNA [27, 92]. Cas9 mRNA can 

be easily obtained by in vitro transcription. Like RNPs, Cas9 mRNA administration results 

in quick onset of genome editing, as Cas9 mRNA bypasses the requirement of nuclear entry 

for transcription. Furthermore, Cas9 mRNA delivery provides transient expression of Cas9 

protein, which may be helpful for decreasing the off-target editing events. However, rather 

short expression duration may also lead to low efficiency. Additionally, the relatively poor 

stability of Cas9 mRNA is also an important obstacle for this type of delivery strategy. To 

date, this strategy has been widely applied in editing the genome of zygote, embryo and 

cultured cells.

The third option is the plasmid-based CRISPR/Cas9 system [93]. This is an appealing 

delivery approach owing to the simplicity and low cost of manipulation. Both Cas9 and 

sgRNA cassettes, even HDR template can be facilely packed in the same plasmid, which 

exhibit greater stability than protein and mRNA. However, the large genetic size of Cas9 (~ 

4.5 kb) and the total plasmid size (> 7 kb) significantly increase the difficulty of delivery and 

expression of CRISPR/Cas9 systems [94]. The second obstacle for plasmid-based 

expression is the requirement of nuclear entry for DNA transcription, which partially 

decreases the genome editing efficiency and also induces the delay in therapeutic efficacy. 

Moreover, the integration of plasmid into the host genome can be another risk. In addition, 

the plasmid-based expression often leads to a longer duration of Cas9 protein, which may 

result in higher off-target effects and strong immune responses [95].

4. Current non-viral delivery vectors for CRISPR/Cas9 delivery

4.1 Non-viral vectors in vitro and ex vivo

In recent years, CRISPR/Cas9 systems have been widely applied in manipulating mouse 

zygotes and cultured cells ex vivo and in vitro. Most of these delivery strategies are based on 

physical approaches (microinjection, electroporation, nucleofection and membrane 

deformation, etc.) and viral vectors. In the meantime, many non-viral vectors have also been 

rapidly developed for this purpose. Ramakrishna et al. developed cell-penetrating peptide 

(CPP)-conjugated recombinant Cas9 protein and CPP-complexed guide RNAs for gene 

disruptions of CCR5 locus in human cell lines, including HEK293T, HeLa, NCCIT (a 

human pluripotent embryonal carcinoma cell line), human dermal fibroblasts and human 

embryonic stem cells. This system led to efficient disruptions of CCR5 gene with minimal 

off-target mutations [96]. Meanwhile, Mout et al. constructed a nanoplatform based on 

arginine modified gold nanoparticles to co-assemble with engineered Cas9 protein and 

sgRNA. This nanoassembly can efficiently enter the targeted cells via membrane fusion, 

which facilitates direct release of the protein payload into cytoplasm, bypassing endosomes. 

With this approach, they edited AAVS1 gene and PTEN gene and achieved effective gene 

editing efficiency up to 30% in HeLa, HEK-293T and Raw 264.7 cell lines (Fig. 2A) [97]. 

Alsaiari et al. encapsulated negatively charged CRISPR RNPs with positively charged 

nanoscale zeolitic imidazole frameworks (ZIFs). ZIFs enhanced endosomal escape of RNPs 

by the protonated imidazole moieties and led to 37% reduction in EGFP gene expression in 
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CHO cells over 4 days (Fig. 2B) [98]. In another study, assembly of CRISPR RNPs with 

biotinylated oligonucleotides via an RNA aptamer (S1mplex) triggered increased precise 

gene editing efficacy in hPSC cells (Fig. 2C) [99]. Besides, a flexible dendritic polymer was 

successfully synthesized to improve the delivery of large plasmid DNA, such as zinc fingers 

(ZFNs), TALEs and CRISPR/Cas9 systems [100]. Timin et al. reported efficient gene editing 

with CRISPR/Cas9 system using polymeric and hybrid microcarriers, made of degradable 

polymers such as polypeptides and polysaccharides [101]. In a recent study, graphene oxide-

poly(ethylene glycol)-polyethylenimine (GO-PEG-PEI) nanocarrier mediated efficient 

CRISPR RNPs delivery via physisorption and π-stacking interaction. This strategy induced 

efficient genome editing in AGS cells with an efficiency of ~39% (Fig. 2D) [102]. Generally, 

CRISPR/Cas9 systems delivered by viral or no-viral vectors are more likely to work well in 
vitro and ex vivo owing to the direct interaction with cells. However, the efficient in vivo 
delivery of CRISPR/Cas9 systems is nontrivial due to the increased number of barriers under 

physiological conditions.

4.2 Non-viral vectors in vivo

CRISPR/Cas9-based genome editing systems are of great interest in biomedical research. 

They have shown great potential in different fields, including studying the function of 

genetic elements, disease modeling and correcting genetic disorders. The delivery vectors of 

CRISPR/Cas9 system are vital for in vivo application. A large fraction of viral vectors and 

some physical methods have been investigated for their potential to facilitate in vivo delivery 

of CRISPR/Cas9 system. Nevertheless, with the rapid development of various synthetic 

vectors, non-viral vectors are very likely to provide unique advantages over viral vectors in 

these fields. Here, we review recent advances of non-viral vectors for CRISPR/Cas9 delivery 

in vivo and focus on those non-viral delivery systems applied for CRISPR/Cas9-based gene 

therapy.

Self-assembled DNA nanoclews were constructed for CRISPR/Cas9-based genome editing 

system delivery. After being loaded with CRISPR RNPs, these nanoclews enabled efficient 

target disruption of EGFP gene in vitro and in U2OS.EGFP xenograft tumor models in vivo 
after intratumoral injection [103]. Jiang et al. developed lipid-like nanoparticles for targeted 

delivery of Cas9 mRNA and sgRNA to the liver. This system achieved disruption of HBV 

DNA and the proprotein convertase subtilisin/kexin type 9 (pcsk9) gene in vivo [104]. In 

another study, Miller et al. reported a non-viral vector based on zwitterionic amino lipids to 

deliver Cas9 mRNA and sgRNAs. In contrast to transient therapies, they showed permanent 

editing of LoxP gene in genetically engineered mice containing a homozygous Rosa26 

promoter Lox-Stop-Lox tdTomato (tdTO) cassette after intravenous administration [105]. 

Additionally, cationic lipid nucleic acid transfection reagents were also applied for topical 

delivery of modified Cas9 protein for genome editing in vivo. Zuris et al. injected 

Cas9:sgRNA complexes targeting GFP gene into the cochlea of transgenic Atoh1-GFP mice. 

This system resulted in ~20% Cas9-mediated genome modification in hair cells [69]. These 

are exploratory studies on the in vivo delivery of CRISPR/Cas9 systems with non-viral 

vectors. These preliminary studies give hopes for in vivo delivery of CRISPR/Cas9 systems 

with non-viral vectors to treat genetic diseases.
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4.2.1 Curing monogenic disorders—Monogenic disorders are diseases arising from a 

single gene defect in the genome [106, 107]. Gene editing exhibits significant potential in 

curing monogenic disorders due to the possibility of permanently modifying a false genomic 

sequence through targeted disruption or HDR-mediated correction [108]. Recently, the use 

of non-viral vectors to deliver CRISPR/Cas9 system for correcting monogenic disorders has 

been explored.

Duchenne muscular dystrophy (DMD) is an inherited X-linked disease caused by the 

mutations in the genomic sequence encoding dystrophin, a protein crucial for stabilization of 

muscle sarcolemma and signaling [109]. In a recent study, Lee et al. developed a delivery 

vehicle (CRISPR–Gold) composed of gold nanoparticles conjugated to DNA and complexed 

with cationic endosomal disruptive polymers to deliver CRISPR RNPs and donor template. 

After being injected into the hindlimb muscle of mdx mice simultaneously with cardiotoxin 

(CTX), this system efficiently corrected the DNA mutation that causes DMD in mice with 

reduced off-target effect and reduced muscle fibrosis in mdx mice (Fig. 3A) [110].

Hereditary tyrosinemia type 1 (HT1) is an autosomal recessive disorder resulted from 

genetic defects of fumarylacetoacetate hydrolase (FAH), the last enzyme in the degradation 

of tyrosine. HT1 is characterized by severe liver failure, impaired coagulation, renal tubular 

dysfunction and a risk of hepatocellular carcinoma [111]. Yin et al. combined lipid 

nanoparticle-mediated delivery of Cas9 mRNA with AAV encoding sgRNAs and donor 

templates to repair FAH gene in a mouse model of human hereditary tyrosinemia. The 

efficiency of correction was >6% of hepatocytes after a single application and the treatment 

rescued disease symptoms such as weight loss and liver damage [112]. Most recently, the 

same group also applied cationic lipid to deliver Cas9-guide RNA complexes for the 

treatment of autosomal dominant hearing loss. Local injection of Cas9-guide RNA (Cas9-

Tmc1-mut3 sgRNA)-lipid complexes targeting the Tmc1Bth allele into the cochlea of 

neonatal Tmc1Bth/+ mice significantly enhanced the survival of inner hair cells (IHCs) and 

outer hair cells (OHCs). Greater auditory brainstem responses (ABRs) wave 1 amplitudes 

and a more normal ABR waveform pattern in injected ears were observed than that in 

uninjected controls. Besides, significant startle responses were detected in Cas9-Tmc1-

mut3-lipid-injected Tmc1Bth/+ mice following stimulus at 110 and 120 dB. All these results 

demonstrated that this system substantially reduced progressive hearing loss in Beethoven 

mouse model (Fig. 3B) [113].

Transthyretin (TTR)-mediated amyloidosis (ATTR) is an inherited, progressive and fatal 

disease resulted from mutations in the TTR gene. Mutations in TTR cause abnormal 

amyloid proteins accumulation and result in intractable peripheral sensory neuropathy, 

autonomic neuropathy, and cardiomyopathy [114, 115]. In a recent report, a lipid 

nanoparticle (LNP-INT01) mediated effective delivery of both Cas9 mRNA and chemically 

modified sgRNA in vivo [116]. LNP-INT01 was a biodegradable non-viral delivery system 

and can be cleared from the body, which minimized the undesired prolonged duration of 

CRISPR/Cas9 in cells after gene editing and reduced the off-target effect associated with 

CRISPR/Cas9-based genome editing. With a single intravenous administration, this system 

enabled significant editing of the TTR gene in the liver of mice or rats, and resulted in a 

dramatic reduction (>97% for mice, >90% for rats) in serum TTR protein levels. More 

Li et al. Page 7

Biomaterials. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



importantly, the editing levels can persist for at least 12 months, despite the transient nature 

of the delivery system and the editing components. Additionally, unlike viral delivery 

systems, the synthetic nature of LNP-INT01 allowed for multi-dosing regimens to obtain 

cumulative editing efficacy without significant changes in cytokine levels or body weight.

Collectively, using non-viral vectors for in vivo delivery of CRISPR/Cas9 system has shown 

great potential for monogenic disorders treatment. These preliminary promising results open 

an avenue to understanding the impact of the chemical structure and components of 

synthetic materials on the in vivo duration, gene editing efficacy, off-target effect and other 

safety concern of CRISPR/Cas9 systems. These precious experiences are bound to greatly 

promote the development of novel approaches based on synthetic non-viral vectors-mediated 

in vivo CRISPR/Cas9 delivery to cure other monogenic diseases, such as sickle cell disease, 

cystic fibrosis, polycystic kidney disease, etc., which were treated with viral vectors-

mediated gene therapy before.

4.2.2 Manipulating cancer genome—Given that cancer is a genetic disease and 

CRISPR/Cas9 system is a versatile genome editing tool, it is tempting to apply this 

technology to cancer treatment. Generally, CRISPR/Cas9 systems were used to induce loss-

of-function of oncogenes in these studies. In recent years, many instances of CRISPR/Cas9-

mediated therapeutic genome manipulations in cancer have been explored. In one study, Li 

et al. reported a multifunctional nucleus-targeting “core-shell” artificial virus for CRISPR/

Cas9-based plasmid delivery. This system induced higher targeted gene disruption efficacy 

than that of Lipofectamine 3000 in vitro. After intraperitoneal administration, they also 

showed effective disruption of targeted MTH1 gene and significantly inhibited the 

progression of ovarian tumor in vivo (Fig. 4A) [117]. Meanwhile, Wang et al. condensed 

Cas9-sgPlk-1 plasmids on TAT peptide-modified Au nanoparticles (LACP) via electrostatic 

interactions, and coated lipids on them. LACP can release plasmid into the cytosol by laser-

triggered thermo-effects of the Au nanoparticles and the plasmid can enter nuclei with the 

assistance of TAT peptide. This delivery system enabled effective knock-outs of target gene 

(Plk-1) and inhibited the growth of melanoma both in vitro and in vivo (Fig. 4B) [118]. In 

another report, core-shell liposome-templated hydrogel nanoparticles (LHNPs) were 

constructed to deliver CRISPR RNPs for cancer gene therapy. After loading with CRISPR/

Cas9 targeting polo-like kinase 1 (plk1) gene, LHNPs effectively inhibited U87MG tumor 

growth [119].

Owing to the polygenic and heterogeneous properties of cancer, genomic aberration profiles 

are different in tumors and even in different stages of tumor progression. Disruption of one 

or two over-expressed genes in tumors with CRISPR/Cas9 system may not be very effective 

in cancer treatment. Even more problematic is that the genome editing efficiency of 

CRISPR/Cas9 system is not high enough under the current conditions. Monogenic diseases 

can tolerate a low initial gene editing efficiency due to the selective advantages of the 

corrected cells, while cancer treatment requires relatively high editing efficiency to ensure 

effective therapy, because the unedited cancer cells possess selective advantages and 

proliferate quickly. Additionally, due to the instability of the genome of cancer cells, they 

have evolved many mechanisms to escape CRISPR/Cas9-mediated genome editing, such as 

mutation of the PAM sequence and the recognition site etc. [120–122]. However, with the 
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rapid development of CRISPR/Cas9 technology and materials science, we believe these 

barriers in CRISPR/Cas9-mediated cancer gene therapy would certainly be conquered by 

enhancing activity and delivery of the CRISPR/Cas9 system in the near future.

In recent years, epigenetics has attracted much attention with a growing understanding of 

tumorigenesis. Epigenetics are heritable changes in gene expression which do not involve 

any alteration in the DNA sequence. Epigenetics is on top of the traditional genetic basis for 

inheritance and donated changes in chromosomes that affect activity and expression of a 

series of genes. Many reports have demonstrated that epigenetic alterations play important 

roles in driving cancer initiation and progression [123, 124]. Three systems, including DNA 

methylation, RNA-associated silencing and histone modification, are used to initiate and 

sustain epigenetic silencing. Generally, these processes require the catalysis of some specific 

enzymes, such as DNA methyltransferase (DNMT), histone deacetylase (HDAC) and 

histone acetyltransferase (HAT), etc. Therefore, we conceive that manipulating epigenome 

or the genes encoding the associated enzymes would be alternative strategies for CRISPR/

Cas9-based cancer gene therapy. Most recently, dCas9 fusion proteins-mediated CRISPRi, 

such as dCas9-KRAB (Krüppel-associated box) and dCas9-LSD1 (lysine-specific histone 

demethylase 1) system, has been introduced [125–127]. dCas9-KRAB system, recruiting a 

diverse array of histone modifiers that reversibly suppresses gene expression through the 

formation of heterochromatin, significantly reduced the expression of a series of endogenous 

genes in the genome [125, 128]. However, due to the multiple functions of epigenetics, 

safety is a big concern that needs special attention when applying these strategies. Non-viral 

vectors-mediated transient expression of CRISPR/Cas9 system may be an effective approach 

to alleviate this problem.

In addition to epigenetics-based therapy, combination strategy of gene editing with other 

treatment, such as chemotherapy, may be another effective way for cancer treatment. 

Acquired drug resistance is the major cause of chemotherapy-based cancer treatment failure 

[129, 130]. Overexpression of drug resistance-associated genes, such as P-gp and Bcl-2, is 

one of the most consistent alterations in multidrug resistant cells [131–134]. The 

conventional strategy is to inhibit the expression or activity of these genes through small 

interfering RNA (siRNA) or chemical inhibitors [135–137]. However, the effects of either 

siRNA or chemical inhibitor are transient and are limited to the mother cell that takes the 

drug. If the cell divides, these drugs will lose activity in the daughter cells. Due to the 

permanent gene editing effect of CRISPR/Cas9 systems in chromosome, the daughter cells 

will inherit the edited gene sequences of the mother cells. Manipulating drug resistance-

associated genes using CRISPR/Cas9 systems together with chemotherapy may be a 

preferable approach to cancer treatment over conventional combination therapy. Besides, in 

contrast with viral vectors, cumulative editing efficacy can be obtained after multiple 

administrations of non-viral vectors-mediated CRISPR/Cas9 delivery owing to limited 

immune responses [73, 74, 116, 138].

As a rapid developing field for CRISPR/Cas9 delivery, non-viral vectors also face some 

hurdles especially in systemic delivery in vivo. There are two main limitations of non-viral 

vectors-mediated CRISPR/Cas9 delivery in vivo. The first one is the serum stability of 

polyplexes after systemic administration [73]. The second one is the relatively low 
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transfection efficiency in the targeted tissues after administration in vivo [76, 77]. These 

issues are not just for non-viral vectors-mediated CRISPR/Cas9 delivery, but for non-viral 

vectors-mediated gene delivery in general. In the following section, we will systematically 

discuss the critical obstacles for non-viral vectors-mediated CRISPR/Cas9 delivery in order 

to provide some basis for designing better vectors in the future.

5. Critical obstacles for non-viral delivery of CRISPR/Cas9 system

Similar to other common gene therapy strategies, CRISPR/Cas9 system delivery faces 

critical challenges for in vivo applications. Following systemic administration, the elements 

of CRISPR/Cas9 system should remain stable before reaching its target site. Then the 

elements need to be effectively taken up by the targeted cell types and escape from endo-

lysosome system to avoid degradation. After being released from endosome or lysosome, 

they also need to enter the nucleus to initiate gene editing in the genome. In addition, in case 

of CRISPR/Cas9-based plasmids, they must traffic through the cytosol to the nucleus for 

transcription.

The first obstacle is effective encapsulation of the editing tools in delivery vectors due to the 

large size and different charge properties of Cas9 protein, mRNA and donor DNA. The 

molecular weight of the commonly used Cas9 protein from streptococcus pyogenes is about 

160 KD, larger than that of the most proteins [89]. Meanwhile, native Cas9 protein is 

positively charged, while the conventional proteins are negatively charged [88, 97, 103, 

139]. Thus, the cationic lipids or polymers widely used to encapsulate negatively charged 

proteins based on electrostatic interaction cannot be applied to deliver the native form of 

Cas9 protein. Similar to the protein form, Cas9 mRNA and DNA (~ 4.5 kb) also exhibit 

large size, which increases the difficulty of efficient encapsulation. Although the newly 

discovered Cas9 form from Staphylococcus aureus strain (SaCas9) is about 1 kb shorter than 

SpCas9, the overall genetic size is still too large for application [94, 140]. All of these 

defects need to be taken into consideration in future non-viral vectors designing.

The second obstacle is the stability of complex under physiological conditions. On the one 

hand, protein, plasmid and RNA are vulnerable to proteases and nucleases in the blood. 

They can degrade quickly in naked form in systemic circulation. On the other hand, cationic 

non-viral vectors used to condense negatively charged CRISPR RNPs and plasmids are 

prone to interact with plasma proteins and the physiological salt in physiological conditions, 

resulting in the recognition and clearance by the reticuloendothelial system (RES) [141–

143]. PEGylation, the most commonly used strategy to reduce the opsonization and 

minimize the clearance by RES, may also be applicable for non-viral vectors-mediated 

CRISPR/Cas9 delivery [144, 145]. However, the accompanying decreased cellular uptake 

after PEGylation cannot be neglected. Like other gene therapy strategies, environmental 

stimuli-triggered detachment may be a feasible solution to this problem [146].

The third obstacle is the host immune responses triggered by the elements of CRISPR/Cas9 

system, which is derived from bacteria. Generally, after being sheltered by non-viral vectors, 

the recognition by the host immune system would be reduced to some extent. Encapsulating 

these elements in the interior of the vectors would significantly prevent this recognition and 
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subsequent clearance. However, it is also worth noting that partial shielding via simple 

electrostatic interaction may not be effective enough to eliminate the recognition by host 

immune cells owing to the exposure of neutral domains of these elements. Additionally, the 

properties such as size, surface charge, hydrophobicity/hydrophilicity, and the steric effects 

of particle coating have influence on the compatibility of nanoparticles with the immune 

system [147–150]. Attaching PEG or other hydrophilic polymers to the surface of the 

nanoparticles can partially shield them from immune recognition [151, 152]. However, some 

reports also demonstrated the generation of PEG-specific antibodies after administration of 

PEG-coated liposomes [153, 154]. It is worth noting that formation of specific antibodies 

against nanoparticles may affect the efficacy and the safety of nanoparticle-based 

therapeutics [149, 150]. Despite all these, the immunogenicity of non-viral vectors is still 

considered to be much lower than that of viral vectors [74].

The fourth obstacle is the insufficient accumulation of non-viral vector-mediated CRISPR/

Cas9 systems in the targeted tissues. This issue is very important for targeted gene editing 

efficacy as well as the off-target probability in other tissues. In the past decades, there have 

been extensive efforts on facilitating particles accumulation in the targeted tissues for non-

viral delivery vectors-mediated gene therapy [155, 156]. We assume that these strategies can 

also be applied to non-viral vectors-mediated CRISPR/Cas9 genome editing. For example, 

as a unique feature of solid tumors, the enhanced permeability and retention (EPR) effect 

can be exploited to promote particles accumulation into tumors. Generally, the particles 

should be nano-sized and the junction of endothelial cells has a great influence on the 

extravasation of these particles. Some reports have demonstrated that EPR effect can provide 

20–30% increase in delivery compared with critical normal organs [157]. Some auxiliary 

means, such as topical hyperthermia, radiotherapy and high intensity focused ultrasound, 

etc., can also be used to enhance this effect [158–160]. Besides, for the fibrotic lesion, 

degradation of the extracellular matrix using collagenase or hyaluronidase can be effective 

strategies to enhance accumulation [161, 162]. Additionally, surface decorating active 

targeting ligands on the vectors should be another effective method to promote targeted 

accumulation via receptor-mediated recognition. For example, due to the overexpression of 

αvβ3 integrin receptors on tumor vasculature, the nanoparticles decorated with arginine-

glycine-glutamic acid (RGD) peptide, a ligand for αvβ3 integrin receptors, have more 

access to the targeted tumor tissues [163–165].

The fifth encountered obstacle is the phagocytic clearance, blockage of RES in targeted 

tissues especially in liver and spleen, and the negatively charged components of extracellular 

matrix. Smaller-sized nanoparticles may be preferred to enhance permeability and 

penetration over large-sized ones [166, 167]. However, smaller-sized nanoparticles can also 

be rapidly cleared from the systemic circulation through the kidneys. Due to the threshold 

for rapid renal excretion being about 5.5 nm, the hydrodynamic diameters of the prepared 

nanoparticles need to be larger than this size [168–170]. To balance the effect of penetration 

and renal excretion, environmental stimuli-responsive size changeable tactics would be a 

possible compromising solution. The particles remain stable in systemic circulation, while 

exhibiting size conversion or directly broken into smaller parts at the target site triggered by 

specific stimulation to boost deep penetration.
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Cellular uptake is the next obstacle owing to the selective transmission of the hydrophobic 

and negatively charged plasma membrane. In principle, naked CRISPR plasmid and sgRNA 

cannot directly transport through the lipid bilayer of the cell membrane due to the 

hydrophilic and anionic properties. Generally, after complexation with non-viral vectors to 

form nanoparticles, the cellular uptake would be promoted. For cationic complexes, cellular 

uptake is partly induced through electrostatic interaction between the positive charge of the 

complexes and the negative charge of the cell membrane. Meanwhile, many types of ligands, 

such as folate, transferrin, antibody and aptamer, etc., can also be incorporated into the non-

viral vectors to boost cellular uptake via receptor-mediated endocytosis [171–173]. Besides, 

cell penetrating peptides (CPP), such as TAT and R8 peptide, have also been extensively 

used to facilitate cell entry based on the positive charge and amphipathic in nature [174, 

175]. Some studies have shown that hyperthermia can increase the membrane permeability 

of compounds and enhance cellular uptake. But the temperature and duration of this 

approach need to be carefully controlled. Additionally, ultrasound has also been implicated 

as a potential approach to promote cell entry owing to ultrasound-induced mild hyperthermia 

and cell membrane deformation [176, 177].

In addition to cellular uptake, endosomal and lysosomal degradation is also a critical 

challenge for efficient CRISPR/Cas9 delivery due to the acidic environment (pH 5.0–6.2) 

and hydrolases. The “proton-sponge effect” of polymers with proton buffer capacity can be 

exploited to promote endo-lysosomal escape. Briefly, 2° and 3° amines on polymer chains 

can be protonated inside endo-lysosomes and then counterbalance chloride ions flow into the 

vesicles. This process creates an osmotic gradient between the exterior and interior of the 

endo-lysosomes, leading to swelling and bursting of these vesicles and releasing the 

polyplex into the cytosol [178]. A variety of non-viral vectors, including but not limited to 

polyethylenimine (PEI), poly[2-(dimethylamino) ethyl methacrylate] (PDMAEMA), have 

“proton-sponge effect”. Meanwhile, some compounds, such as chloroquine, imidazole, and 

zinc chloride, have also been combined with cationic vectors to further enhance endosomal 

escape [179–182]. Recently, gas-generating nanoparticles have also been designed to boost 

endo-lysosomal escape in some studies. Liu et al. fabricated pH-responsive poly(D,L-lactic-

co-glycolic acid) (PLGA) nanoparticles encapsulating ammonium bicarbonate (NH4HCO3) 

to trigger antigen release from endo-lysosomes. NH4HCO3 interacted with protons in endo-

lysosomes, then produced CO2 and NH3 to disrupt the endo-lysosomes and promote antigen 

release into the cytosol [183].

In addition, inspired by the mechanism of viral infection, some membrane fusion peptides, 

such as GALA peptides and acid-activatable melittin, have been introduced into non-viral 

vectors to facilitate endosomal escape [184–186]. One underlying mechanism is these 

peptides undergo a structural transformation from a random coil to an α-helical 

conformation in lower pH environments, thus promoting endosomal fusion. In fact, direct 

transmembrane delivery of the particles into the cytosol bypassing the endo-lysosomes may 

be an alternative way [187, 188]. Ding et al. described a nanoparticle formulation based on 

reconstituted high-density lipoprotein (rHDL) can efficiently transfer siRNA across the cell 

membrane directly into the cytosol via scavenger receptor BI (SR-BI)-mediated non-

endocytotic mechanism. This approach markedly promoted RNA interference (RNAi)-
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mediated degradation of the targeted mRNA and resulted in down-regulated expression of 

the corresponding protein [189].

Cytoplasmic mobility and nuclear import is another big obstacle in the intracellular 

environment. CRISPR/Cas9 system must be delivered to the nucleus to initiate genome 

editing effect. Once released into the cytosol, non-viral vectors loaded with CRISPR/Cas9 

system need to overcome additional barriers in the cytosol, including the mesh-like 

cytoskeleton and nucleolytic enzymes within the cytosolic milieu [190]. Disruption or 

reorganization of the actin cytoskeleton, or depletion of keratin and vimentin in cells, 

significantly increases the diffusion of gene payloads [190–192]. Virus such as herpes 

simplex virus and some serotypes of adenovirus could travel through the cytoplasm via 
microtubule-mediated transport [76, 193, 194]. Cationic polyplexes could move along 

microtubules by non-specifically interacting with anionic microtubules or motor proteins 

[76]. For CRISPR/Cas9-based plasmids, they need to overcome more barriers than that of 

CRISPR RNPs and mRNA. They have to enter the nucleus for transcription and traffic back 

to the cytosol for translation. Non-viral vectors that compact plasmid into small particles 

may aid the movement to the nucleus. Nanoparticles smaller than 9 nm can passively diffuse 

through nuclear pore complexes (NPCs), while larger ones requiring the assistance of import 

proteins (e.g., importins) to actively shuttle them into the nucleus [73]. Inspired by the active 

transportation process of proteins to nucleus, nuclear localization sequences (NLSs) have 

been introduced into the vectors to facilitate transportation to nucleus [195–197]. Most 

NLSs are characterized by short basic and cationic peptide sequences. NLSs can be 

recognized by importin α, the nuclear import receptor, and trigger the subsequent 

transportation from the cytosol to the nucleus [198].

6. Perspectives

RNA-guided CRISPR/Cas9 system is a powerful genome editing tool, which greatly 

simplifies the previous cumbersome genetic manipulations. In recent years, CRISPR/Cas9 

system has been broadly applied for disease modeling to therapeutic applications. 

Undoubtedly, with further development of this technology, its application will certainly be 

more extensive in the near future.

However, the specificity of this technology will need to be further improved to decrease the 

potential off-target probability for increasing safety. The term “off-target” generally has dual 

meanings, one for manipulating at the targeted genes but in the non-targeted tissues or cells, 

while the other for gene editing at the non-targeted site in the genome of the targeted cells at 

the intracellular level. For the former off-target effects, tissue-specific promoters in CRISPR/

Cas9-based plasmid have been introduced into the system to partially solve this problem. 

Meanwhile, targeted delivery of CRISPR/Cas9 system by tissue-specific AAV type or non-

viral vectors could be another effective solution to this issue. In addition, proper selection of 

the targeting site, rational design of sgRNA and using paired Cas9 nickases could be 

effective approaches to alleviate the latter off-target effects.

Next, the efficiency will also need to be improved for in vivo application, especially in 

correcting majority of genetic disorders. Since the corrected cells have no selection 
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advantages in most genetic disorders, the correction efficiency will undoubtedly need to 

improve. Meanwhile, different cell types or targeted genes can also affect the efficiency of 

the CRISPR/Cas9 system [93, 199]. The mitotic state of the targeted cells is another major 

concern. Non-mitotic cells are very inefficient for HDR-based repair, which is the main 

pathway to correct genetic disorders to date [87, 200]. Besides, due to the recognition 

preference of some specific bases of CRISPR/Cas9 system and the diverse epigenetic 

landscape, different targeted gene loci may exhibit distinctive different gene editing 

efficiencies [140, 201–203]. These issues may be resolved by enhancing activity and 

delivery efficiency of the CRISPR-Cas9 system. The recently developed HITI strategy 

exhibits much higher knock-in efficiency than HDR both in vitro and in vivo [86, 87]. More 

importantly, HITI keeps its high efficiency in the non-mitotic cells, which are present in 

most adult tissues [87]. It is likely that this approach will show great potential in treating 

genetic disorders in the near future.

In addition, delivery alternatives are another main challenge for the application of CRISPR/

Cas9 gene editing system both in vitro and in vivo. The latter would particularly benefit 

from non-viral vectors. Ideally, effective non-viral delivery vectors should induce efficient 

targeted gene editing with lower off-target effect. Although numerous non-viral vectors have 

been developed and exploited in the field of gene therapy over the past decades, the non-

viral vectors applied in CRISPR/Cas9 delivery are still very few so far. One possible reason 

is that the large-sized Cas9 protein or plasmid is difficult to be efficiently encapsulated and 

delivered. Moreover, unlike commonly delivery approaches for siRNA or protein, whose 

action site is in the cytosol, CRISPR/Cas9 systems must be delivered to the nucleus to 

initiate genome editing in the chromosome. It seems like that the cationic lipid-based vectors 

were one of the most effective delivery approaches for CRISPR/Cas9 system to date. But it 

is mainly limited to local administration. Novel effective non-viral vector for CRISPR/Cas9 

delivery is still one of the bottlenecks for the successful clinical translation of CRISPR/

Cas9-based genome editing to date. In conclusion, despite these challenges, there is no 

doubt that the rapid advances in the field of genome editing and biomaterials science will 

certainly pave the way for translating these promising results to clinical disease treatment in 

the near future.
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Fig. 1. 
Schematic illustration of the two different repair mechanisms of CRISPR/Cas9-mediated 

double stranded breaks (DSBs).

Li et al. Page 25

Biomaterials. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Non-viral vectors for in vitro CRISPR/Cas9 delivery. (A) Rational design of arginine 

nanoparticles (ArgNPs) for intracellular delivery of engineering Cas9 protein (Cas9En) or 

Cas9En/sgRNA ribonucleoprotein complexes (RNPs) via membrane fusion. Engineering 

Cas9 protein was constructed to carry an N-terminus E-tag and a C-terminus nuclear 

localization signal (NLS). Reprinted with permission from ref. 97. Copyright 2017 

American Chemical Society. (B) The schematic process of preparation, cellular uptake, 

endosomal eacape and genome editing of zeolitic imidazole frameworks-based CRISPR/

Cas9 (CC-ZIFs) delivery. Reprinted with permission from ref. 98. Copyright 2017 American 

Chemical Society. (C) Design of modular RNA aptamer-streptavidin complexes (S1mplexes) 

for co-delivery of Cas9/sgRNA ribonucleoprotein complexes and ssODN donor template. 

Reprinted with permission from ref. 99. Copyright 2015 Nature Publishing Group. (D) The 

schematic process of preparation and intracellular delivery of GO-PEG-PEI based Cas9/

sgRNA delivery. The confocal laser scanning images and the quantification of fluorescence 

intensity indicated down-regulated expression of EGFP protein after targeted knockout of 

EGFP genes in AGS.EGFP cells with GO-PEG-PEI based Cas9/sgRNA delivery system. 

Reprinted with permission from ref. 102. Copyright 2017 John Wiley & Sons. Inc.
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Fig. 3. 
Non-viral vectors for in vivo CRISPR/Cas9 delivery to treat monogenic disorders. (A) 

Rational design of CRISPR–gold nanoparticles to deliver Cas9/sgRNA RNPs and donor 

DNA template to correct dystrophin gene in the mouse model of Duchenne muscular 

dystrophy (DMD). CRISPR–Gold was injected into the hind leg muscle of mdx mice 

simultaneously with cardiotoxin (CTX), which activated the proliferation of muscle stem 

cells by muscle damage. Two weeks later, Trichrome staining was performed on the tibialis 

anterior muscle to determine the levels of muscle fibrosis after different treatment. Reprinted 

with permission from ref. 110. Copyright 2015 Nature Publishing Group. (B) Rational 

synthesis of cationic lipids for Cas9/sgRNA RNPs delivery to ameliorate hearing loss in 

Beethoven (Bth) mouse model of human genetic deafness. Cas9/sgRNA–lipid complexes 

targeting the Tmc1Bth allele were locally injected into the cochlea of neonatal Tmc1Bth/+ 

mice. The Effects of Cas9–Tmc1-mut3 sgRNA–lipid injection on hair-cell function and 

hearing rescue in mice was assessed by confocal microscopy imaging and acoustic startle 

responses. Reprinted with permission from ref. 113. Copyright 2015 Nature Publishing 

Group.
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Fig. 4. 
Non-viral vectors for in vivo CRISPR/Cas9 delivery to treat cancer. (A) Schematic process 

of RRPHC artificial virus-mediated in vivo CRISPR/Cas9 delivery for gene editing-based 

cancer therapy. RRPHC/Cas9-hMTH1 treatment induced ~ 42.43% frame-shift mutation of 

hMTH1-target loci and down-regulated the expression of MTH1 protein in SKOV3 cells. 

Reprinted with permission from ref. 117. Copyright 2017 American Chemical Society. (B) 

Preparation process of LACP and the schematic process of laser-enhanced knock-outs of 

targeted genes by LACP in A375 cells. LACP encapsulating Cas9-Plk-1 plasmid down-

regulated the expression of Plk-1 protein in A375 cells with laser irradiation. Reprinted with 

permission from ref. 118. Copyright 2017 John Wiley & Sons. Inc.
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Table 1

Characteristics of different CRISPR/Cas9 genome editing systems.

CRISPR/Cas9 platforms Advantages Disadvantages Non-viral vectors Refs

Cas9 protein and sgRNA

swift onset 
transient 

duration low 
off-target 

effects

high cost endotoxin-contamination

Lipids CPP polymers 
DNA nanoclew Au 

nanoparticles zeolitic 
imidazole frameworks

69,96–99,102,103,110,113,119

Cas9 mRNA and sgRNA

quick onset 
transient 

expression 
low off-target 

effects

poor stability
lipids zwitterionic 

amino-lipid 
nanoparticles

104,105,112,116

CRISPR/Cas9 plasmid low cost great 
stability

integration risk low efficiency 
delayed onset lipids CPP polymers 100,101,117,118
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