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Abstract: Genome editing is a method used to make desired changes in the target gene. Today, 

various methods are used for genome-editing studies; among them, one of the most widely used 

methods is the clustered, regularly interspaced short palindromic repeats (CRISPR). CRISPR-

associated (Cas) genes and their corresponding CRISPR sequences constitute CRISPR-Cas systems. 

Due to its simplicity, it is likely that the CRISPR–Cas system could be used effectively in ex vivo 

gene therapy studies in humans. If this happens, the importance of CRISPR carrier systems will 

gradually increase. Viral and non-viral systems are used as delivery modalities in genome-editing 

studies. It has been proven that nanoparticles are the most promising tools for gene therapy due to 

their adjustable size, surface, shape, and biological behaviours. The polymeric carrier system has 

become the main non-viral substitute for gene delivery due to its reduced immunogenicity and 

pathogenicity. In this review, information about current studies related to polymeric carriers used in 

non-viral CRISPR delivery systems is presented. 

 

 

CRISPR-CAS9 Sisteminde Kullanılan Polimer Bazlı Transfeksiyon Ajanları 
 

 

Anahtar 
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Öz: Genom düzenleme, hedef gende istenilen değişiklikleri yapmak için kullanılan bir yöntemdir. 

Günümüzde genom düzenleme çalışmaları için çeşitli yöntemler kullanılmaktadır; bunlar arasında 

en yaygın kullanılan yöntemlerden biri kümelenmiş, düzenli aralıklarla yerleştirilmiş kısa 

palindromik tekrarlardır (CRISPR). CRISPR ile ilişkili (Cas) genleri ve bunlara karşılık gelen 

CRISPR dizileri, CRISPR-Cas sistemlerini oluşturur. Basitliği nedeniyle, CRISPR-Cas sisteminin 

insanlarda ex vivo gen terapisi çalışmalarında etkili bir şekilde kullanılmaya başlanmıştır ve 

CRISPR taşıyıcı sistemlerin önemi giderek artmaktadır. Genom düzenleme çalışmalarında dağıtım 

yöntemleri olarak viral ve viral olmayan sistemler kullanılmaktadır. Nanopartiküllerin ayarlanabilir 

boyutları, yüzeyleri, şekilleri ve biyolojik davranışları nedeniyle gen terapisi için en umut verici 

araçlar olduğu kanıtlanmıştır. Polimerik taşıyıcı sistem, azaltılmış immünojenisitesi ve patojenitesi 

nedeniyle gen aktarımı için viral olmayan ana ikame haline gelmiştir. Bu derlemede, viral olmayan 

CRISPR dağıtım sistemlerinde kullanılan polimerik taşıyıcılarla ilgili güncel çalışmalar hakkında 

bilgiler sunulmaktadır. 

 

1.  INTRODUCTION 
 
The field of genome modification includes techniques 

used to obtain centered modifications inside an organism's 

DNA. Until today, the rapid transition of gene editing into 

clinical practice has occurred thanks to the emergence of 

programmable nucleases that allow scientists to perform 

gene editing in numerous cell types. Today, existing 

editing approaches include zinc finger nucleases (ZFNs), 

transcriptional activator-like effector nucleases 

(TALENs), and clustered, regularly interspaced short 

palindromic repeats (CRISPR)/CRISPR-associated 
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nuclease 9 (Cas9). ZFN is a targetable DNA 

fragmentation protein that can be used to cleave DNA 

sequences at any site. On the other hand, TALENs can 

cause a double-strand break in the target nucleotide 

sequence, which leads to genome modification by 

triggering the DNA damage response pathway [1]. From 

2002 to 2011, respectively, ZFNs and TALENs have been 

mainly used in genome editing in animal and human cells 

and plants; however, during this time, they have also 

exhibited some disadvantages that prevent their usage in 

certain cases. For example, ZFNs show limited specificity 

and can cause off-target mutations [2]. In addition, vector 

design for ZFNs and TALENs takes time and effort to 

perform [3]. Table 1 presents a comparison of the 

TALEN, ZFN, and CRISPR-Cas9 genome editing 

techniques. 

 

Table 1. Comparison of the TALEN, ZFN, and CRISPR–Cas9 genome editing techniques [4] 

 CRISPR/Cas9 ZFN TALEN 

Molecular elements 
Single-stranded gRNA+Cas9 

endonuclease 
ZFN protein+Fok1 endonuclease 

RVD of the TALE protein 

sequenced repeat region+Fok1 
endonuclease 

Recognition site and 

specificity 
 Usually 20 bp directory 

sequence + PAM sequence 

 Tolerate spatial/consecutive 

multiple mismatches 

 Each ZFN protein recognizes 3 

bp DNA 

 Tolerate a small number of 

positional mismatch 

 Each TALE protein unit 

recognizes a single base pair of 
DNA. 

 Tolerate a small number of 

positional mismatch 

Challenges and 

restrictions 
 A PAM sequence must come 

before the targeted area. 

 Utilizing oligo synthesis and 

standard cloning procedures 

 Difficult to target regions with 

poor G nucleotide content  

 Requires significant protein 

engineering 

 5ʹ targeted base should be one 

T nucleotide for each TALEN 
monomer  

 Difficult and complex cloning 

methods 

Advantages Targeting multiple genes Small protein size and suitable for 

viral vector 

High recognition specificity and no 

need to link between repeats 

Transfection difficulties The widely used SpCas9 is 
medium in size and may cause 

packaging issues for some viral 

vectors, but smaller orthologs are 
available 

Since ZFN expression elements are 
small, they are simple to use in a 

variety of viral vectors. 

Due to the large size of functional 
components, it is difficult. 

Due to the reasons mentioned above, the use of CRISPR–

Cas9 in genome editing has been widely preferred since 

2013. The CRISPR–Cas9 method is an RNA-guided 

endonuclease that can specifically target DNA sequences 

through nucleotide base pairing. This system is highly 

specific, versatile, and simple. It has become a valuable 

tool in biological research for both gene function and gene 

editing because of these properties [5]. With the reporting 

of the first CRISP structure by Ishino in 1987, it has 

reached the present day as a mechanism used by many 

bacteria and archaea to protect them from virus invasion 

[6, 7]. In 2002, after observing the existence of several 

similar structures in different archaea and bacteria, Jansen 

proposed the acronym for CRISPR [8]. 

 

Finally, the approach was first applied to mammalian cells 

in 2013 and since then, the CRISPR–Cas system has 

occupied an important place in genome-editing research 

[9]. CRISPR–Cas structures are categorized from type I 

to type VI [10]. The type I system is characterized by the 

formation of Cas3, which is a protein with both DNase 

and helicase activities that can be used to degrade targets. 

The type II CRISPR–Cas system uses Cas1, Cas2, Cas9, 

and a fourth protein (either Csn2 or Cas4) [11]. The type 

III-A CRISPR–Cas system is an adaptive immune system 

guided by prokaryotic RNA, which uses Csm (a protein–

RNA complex that can perform transcription-dependent 

immunity against foreign DNA) [12].  

 

The type II CRISPR–Cas system is derived from 

Streptococcus pyogenes and consists of three parts: 

CRISPR RNA (crRNA), trans-activating crRNA 

(tracrRNA), and a Cas9 protein [13]. Cas9 is an enzyme 

that uses CRISPR sequences to recognize and separate 

specific DNA strands; thus, the Cas9 enzyme and 

CRISPR sequencing can be used together to edit genes in 

organisms and form the basis of CRISPR–Cas9 

technology [14]. The regulation process has a huge range 

of applications, including the improvement of 

biotechnology products, basic organic studies, and disease 

treatment [15].  

 

In general, Cas proteins obtained from bacteria have two 

nuclease domains and work together with single-guide 

RNA (sgRNA) to create a double-strand break in the 

target DNA sequence. sgRNA is the component that 

directs the Cas protein to the target DNA since it contains 

crRNA and tracrRNA and has a short sequence 

complementary to the target DNA sequence [9]. Another 

critical component is the protospacer adjacent motif 

(PAM), which is located in the target DNA sequence and 

guides the determination of the cut side of the Cas protein. 

This system has made it possible to perform applications 

such as mutation deletion, gene suppression and 

activation in the target region [14]. 

 

By applying this method in the field of genetic 

engineering, the structure of DNA can be changed 

precisely in areas where the genome is cut. Moreover, to 

recognize and repair damaged DNA, this method can be 

used in the field of genetic engineering by making use of 

the mechanism of cells. The successful application of the 

CRISPR–Cas9 system is based on the correction of the cut 

ends formed by the double-strand break in the DNA as a 
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result of the cutting created in the desired region of the 

genome/gene by non-homologous end-joining or a 

homologous recombination repair mechanism. By 

modifying the components of the system, the desired and 

designed genome/gene change can be realized. Also, 

through linking the engineered sgRNA sequence to the 

target DNA region by base pairing, the Cas protein 

recognizes the cleavage site and cuts both strands of the 

chain from three nucleotides near the PAM by way of 

nuclease activity, and subsequently, endogenous DNA 

repair is initiated. After this step, if the knockout of the 

target gene is aimed, the double-strand break is repaired 

by the non-homologous repair mechanism that is prone to 

error. Insertion mutations that occur during this time 

cause the loss of gene products. 

 

1.1. CRISPR–Cas9 Carrier Systems 

There are several obstacles to the practical application of 

the CRISPR–Cas9 Carrier Systems. These obstacles can 

be summarised as follows: 

1. The stability of the CRISPR–Cas9 system 

against serum nucleases is very low. 

2. The CRISPR–Cas9 system can stimulate the 

innate immune system. 

3. This system may interact nonspecifically with 

non-target cells and serum proteins.  

4. The CRISPR–Cas9 system can be easily cleaned 

by the kidney system. 

5. It is difficult to enter target tissues through blood 

vessels  

6. Degradation products of carriers can be toxic  

7. Requires different approaches for different cell 

line [16-21]. 

To overcome these problems, new carrier systems have 

been introduced over time. Viral vectors (e.g., lentivirus, 

adeno-associated virus, and adenovirus) and physical 

strategies (e.g., microinjection, electroporation and 

osmocytosis-induced transduction, mechanical cell 

deformation, and hydrodynamic injection) are the most 

widely used delivery system strategies [22-25]. Viral 

vectors are widely used in CRISPR–Cas9 delivery, and 

viral carrier systems provide high efficiency in genome 

editing. However, viral carrier systems also show some 

basic limitations such as the risk of cancer development, 

the fact that it is a very long and difficult process to 

produce on a large scale and their propensity for immune-

system stimulation [26, 27]. 

 

Physical carriers such as electroporation and 

microinjection have high degrees of transfection 

efficiency, but they are not suitable as methods to be 

adopted for in vivo purposes [28-30]. Instead, a 

hydrodynamic application strategy can be used for in vivo 

experiments; however, it causes various problems such as 

hepatomegaly, hypertension, and heart dysfunction [31, 

32]. In recent years, many studies have been conducted on 

the development of nanoparticle systems to deliver the 

CRISPR–Cas9 system to target cells. By overcoming the 

aforementioned obstacles through the synthesis of 

advanced nanocarriers, the gene-delivery efficiency can 

be significantly increased [33-35]. Polymers exhibit 

significant potential due to their low carcinogenicity or 

immunogenicity, reduced restrictions with respect to load 

size, protection of cargo molecules, and creation of 

nanoformulations with the CRISPR–Cas9 system [36]. In 

addition, various modifications made on polymers can 

enhance their circulation time, the controlled release of 

cargo molecules and cell- or tissue-specific delivery 

capacities [37, 38]. This review focuses on polymeric 

nanocarrier systems used in the context of the CRISPR–

Cas9 system. 

 

1.2. CRISPR–Cas9 Polymeric Nanocarrier Systems 

Polymeric nanoparticles are widely used for the transport 

of diverse types of nucleic acids [39]. Polymeric carriers 

can be synthesized from synthetic monomers [e.g., 

poly(lactic-co-glycolic) acid (PLGA) or 

polycaprolactone] or natural monomers (i.e., sugars such 

as chitosan) (Glass et al., 2018). Polymer can protect the 

cargo molecule from degradation and can increase 

specific release by functionalizing the cargo molecule 

with targeting moieties that will enable it to bind to  

surface receptors of the target cell [12]. However, there 

are few examples of polymeric carriers reported to date in 

the literature regarding the CRISPR–Cas9 delivery 

system. Nanoparticular systems can be used to transport 

all three forms of CRISPR–Cas9 components (i.e., Cas9 

protein/sgRNA, Cas9 mRNA/sgRNA, and Cas9/sgRNA 

plasmid DNA) to desired cells. 

 

In the literature, cationic polymers such as 

polyethyleneimine (PEI) have been studied for the 

transport of CRISPR–Cas9 systems. These polymers are 

highly positively charged, which can protect DNA from 

physical and chemical factors. In addition, it presents a 

high endosomal escape capability to liberate plasmid. So 

far, polymers such as PLGA, poly(amidoamine), PEI, and 

chitosan have been tested for delivery of the CRISPR–

Cas9 plasmid to target cells, and they have demonstrated 

good genome-editing potential. They have high positive 

charges, can interact strongly with negatively charged 

nucleic acids, and can effectively escape from the 

endosome due to a strong proton-sponge effect; all of 

these ensure that it exhibits a high degree of gene-

transfection efficiency [40]. In the research conducted by 

Ryu et al. [38], it was shown that commercial jet-PEI and 

25-kDa branched PEI polymer-based DNA transfection 

reagent successfully delivered plasmid-encoding 

Cas9/sgRNA. However, the use of these nanocarriers has 

been restricted due to their high cytotoxicity [38]. Both 

the transfection and toxicity efficiency of PEI increase in 

parallel with its molecular weight. Therefore, low-

molecular-weight PEI (LMWPEI) has been tested in 

CRISPR–Cas9 plasmid delivery since its low transfection 

efficiency is tolerable. Moreover, various modifications 

have been made to LMWPEI in order to improve its 

properties. Lino et al. [41] functionalized the LMWPEI 

polymer with polyethylene glycol (PEG) and cholesterol 

(CHOL) to obtain a lipopolymer. They showed notably 

that CHOL increased the permeability through the 

membrane and PEG increased the hemocompatibility and 

stability of the lipopolymer. This lipopolymer was then 

modified with specific aptamers for targeted delivery of 
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the CRISPR–Cas9 system [41]. Li et al. [34] developed a 

polymeric ‘core-shell’ complex with LMWPEI coated 

with RGD-R8-PEG-HA copolymer, which is a copolymer 

containing RGD-R8 peptide. In this arrangement, the 

peptide RGD-R8 had a significant effect on an integrin 

receptor that was overexpressed in tumours and tumour 

blood vessels and which gave the polymer tumour-

targeting ability. In addition, Li et al. [42] showed that the 

anionic HA (hyaluronic acid) fragment reversed the 

cationic charge of the fluorinated LMWPEI and the PEG 

fragment made the complex more stable, thereby it 

reduced nonspecific interactions with the human body. In 

their research, Liu et al. [43] modified LMWPEI by 

fluorination. They revealed that the polymer subsequently 

became both hydrophilic and hydrophobic after 

fluorination, and nanopolymers with good resistance to 

the lipid bilayer were easily absorbed by cells, while 

escaping from endosomes also occurred [43]. Zhang et al. 

[44] assessed the in vitro transmission of the CRISPR–

Cas9 system mediated by the cationic polymer PEI–

cyclodextrin (PC) in HeLa cells. Their study showed that 

these nanocomplexes produced with Cas9/sgRNA 

plasmids were positively charged and could facilitate 

proper cell uptake and transfection. Ultimately, the 

efficient packaging and concentration of the plasmid 

encoding Cas9 and sgRNA in PC was realized. This study 

also emphasized that although it was similar to high-

molecular-weight PEI in terms of structure, PC showed 

lower cytotoxicity, which allowed PC to function at high 

dose levels or repeated transfections [44]. Kang et al. [45], 

covalently linked conjugated branched PEI (bPEI) to the 

Cas9, then combined this grouping with sgRNA. This 

nanocomplex targeting the mecA gene was successfully 

transferred to Staphylococcus aureus despite the 

bacteria's thick cell wall. In addition, it was found that the 

efficiency of the polymer-conjugated Cas9 was relatively 

higher compared to the efficiency of genome editing of 

standard lipid-based formulations or natural Cas9 

complexes [45].  

 

PBAE has features such as low toxicity, high water 

solubility, good biocompatibility, pH sensitivity, and 

rapid drug release at acidic pH values [46]. A new 

nanostructure consisting of poly(β-amino ester) (PBAE) 

was designed by Zhu et al. [46] to transfer CRISPR/short-

hairpin RNA (shRNA) to HPV16 transgenic mice. E6 and 

E7 human papillomavirus (HPV) are oncoproteins that 

play an essential role in the development of cervical 

cancer and drug resistance. Carboxylated branched 

poly(β-amino ester) nanoparticles produced by Rui et 

al.[45] ensured the efficient and rapid delivery of 

Cas9/sgRNA to the target cell cytoplasm and escaped 

from endosomes. This system demonstrated in vitro 

knockout and knockin efficiency results as 75% and 4%, 

respectively [47]. 

 

Xu et al. [48] showed a type of cationic CHOL-assisted 

PLGA nanoparticles (CLAN) consisting of PEG-PLGA 

and BHEM-CHOL (N,N-bis(2-hydroxyethyl)-N-methyl-

N-(2-cholesteryloxycarbonyl aminoethyl) 

ammoniumbromide). While PEG was used to support the 

long-term circulation of the nanoparticles, cationic lipids 

were used to neutralize the negative charge of the 

polymer. These scholars also designed a CLAN library 

with different PEG densities and surface loads to produce 

the appropriate CLAN and then tested macrophage uptake 

in vivo to screen for the ideal option. Their results showed 

that nanoparticles with the highest surface loading and 

relatively low PEG density had the best uptake by 

macrophages [48]. PEGylation is widely used with the 

reticuloendothelial system to reduce opsonization and 

clearance. It can also be applied as a strategy for CRISPR–

Cas9 delivery [49].   

 

Chitosan is a positively charged, nontoxic and 

biodegradable polymer. Chitosan, as a widely used 

polymer for gene delivery systems, also exhibits potential 

for the delivery of the CRISPR/Cas9 system [43]. Zhang 

et al. [50] combined chitosan with mPEG for CRISPR–

Cas9 delivery and showed that this nanocomplex 

protected DNA from nuclease nebulization and digestion. 

 

2. CONCLUSION  

Genome-editing studies are a field whose scope and 

importance are increasing with new and variable methods 

emerging. Especially given its simplicity and 

applicability, genome editing with CRISPR is likely to be 

a much more frequently used method in the future. The 

use of polymers is an increasingly common way by which 

the vectors used in genome editing are delivered. A wide 

range of nanocarriers has already been applied as non-

viral delivery systems in human gene therapy. 

Advancements in materials science and nano-ecology 

allow the emergence of synthetic vectors with optimum 

physicochemical properties and tissue/cell targeting 

capabilities. Polymeric non-viral vectors have advantages 

such as the avoidance of potential toxicity and 

immunogenicity, good reproducibility, and adherence to 

good manufacturing practices.  

 

New application strategies are being developed for the 

delivery of CRISPR–Cas9 components into the cell 

efficiently. Among these, cationic polymers are 

susceptible to modifications that allow targeting as well 

as basic properties such as low immunogenicity and 

carcinogenicity, and cargo protection. In conclusion, it 

can be said that the application of polymers in CRISPR–

Cas9 delivery is an interesting area that warrants future 

research. 

 

REFERENCES 

 

[1] Gaj T, Gersbach CA, Barbas CF, 3rd. ZFN, TALEN, 

and CRISPR/Cas-based methods for genome 

engineering. Trends Biotechnol. 2013;31(7):397-

405. Epub 2013/05/15. doi: 

10.1016/j.tibtech.2013.04.004. 

[2] Puchta H. Applying CRISPR/Cas for genome 

engineering in plants: the best is yet to come. Curr 

Opin Plant Biol. 2017;36:1-8. Epub 2016/12/04.  

[3] Tang X, Lowder LG, Zhang T, Malzahn AA, Zheng 

X, Voytas DF, et al. A CRISPR-Cpf1 system for 

efficient genome editing and transcriptional 

repression in plants. Nat Plants. 2017;3:17018.  



 

Tr. Doğa ve Fen Derg. Cilt 11, Sayı 1, Sayfa 151-156, 2022     Tr. J. Nature Sci. Volume 11, Issue 1, Page 151-156, 2022 
 

 

155 

[4] Li H, Yang Y, Hong W, Huang M, Wu M, Zhao X. 

Applications of genome editing technology in the 

targeted therapy of human diseases: mechanisms, 

advances and prospects. Signal Transduct Target 

Ther. 2020;5(1):1. 

[5] Doudna JA, Charpentier E. Genome editing. The 

new frontier of genome engineering with CRISPR-

Cas9. Science. 2014;346(6213):1258096.  

[6] Barrangou R, Fremaux C, Deveau H, Richards M, 

Boyaval P, Moineau S, et al. CRISPR provides 

acquired resistance against viruses in prokaryotes. 

Science. 2007;315(5819):1709-12.  

[7] Ishino Y, Shinagawa H, Makino K, Amemura M, 

Nakata A. Nucleotide sequence of the iap gene, 

responsible for alkaline phosphatase isozyme 

conversion in Escherichia coli, and identification of 

the gene product. J Bacteriol. 1987;169(12):5429-

33. Epub 1987/12/01. doi: 10.1128/jb.169.12.5429-

5433.1987.  

[8] Ishino Y, Krupovic M, Forterre P. History of 

CRISPR-Cas from Encounter with a Mysterious 

Repeated Sequence to Genome Editing Technology. 

J Bacteriol. 2018;200(7). Epub 2018/01/24.  

[9] Mali P, Yang L, Esvelt KM, Aach J, Guell M, 

DiCarlo JE, et al. RNA-guided human genome 

engineering via Cas9. Science. 

2013;339(6121):823-6.  

[10] Makarova KS, Wolf YI, Alkhnbashi OS, Costa F, 

Shah SA, Saunders SJ, et al. An updated 

evolutionary classification of CRISPR-Cas systems. 

Nat Rev Microbiol. 2015;13(11):722-36.. 

[11] Rath D, Amlinger L, Rath A, Lundgren M. The 

CRISPR-Cas immune system: biology, mechanisms 

and applications. Biochimie. 2015;117:119-28.  

[12] Liu TY, Liu JJ, Aditham AJ, Nogales E, Doudna JA. 

Target preference of Type III-A CRISPR-Cas 

complexes at the transcription bubble. Nat Commun. 

2019;10(1):3001.  

[13] Jinek M, Jiang F, Taylor DW, Sternberg SH, Kaya 

E, Ma E, et al. Structures of Cas9 endonucleases 

reveal RNA-mediated conformational activation. 

Science. 2014;343(6176):1247997.  

[14] Zhang F, Wen Y, Guo X. CRISPR/Cas9 for genome 

editing: progress, implications and challenges. Hum 

Mol Genet. 2014;23(R1):R40-6.  

[15] Hsu PD, Lander ES, Zhang F. Development and 

applications of CRISPR-Cas9 for genome 

engineering. Cell. 2014;157(6):1262-78.  

[16] Cebrian-Serrano A, Davies B. CRISPR-Cas 

orthologues and variants: optimizing the repertoire, 

specificity and delivery of genome engineering 

tools. Mamm Genome. 2017;28(7-8):247-61.  

[17] Dowdy SF. Overcoming cellular barriers for RNA 

therapeutics. Nat Biotechnol. 2017;35(3):222-9.  

[18] Oude Blenke E, Evers MJ, Mastrobattista E, van der 

Oost J. CRISPR-Cas9 gene editing: Delivery aspects 

and therapeutic potential. J Control Release. 

2016;244(Pt B):139-48.. 

[19] Timin AS, Muslimov AR, Lepik KV, Epifanovskaya 

OS, Shakirova AI, Mock U, et al. Efficient gene 

editing via non-viral delivery of CRISPR-Cas9 

system using polymeric and hybrid microcarriers. 

Nanomedicine. 2018;14(1):97-108.  

[20] Li L, He ZY, Wei XW, Gao GP, Wei YQ. 

Challenges in CRISPR/CAS9 Delivery: Potential 

Roles of Nonviral Vectors. Hum Gene Ther. 

2015;26(7):452-62. Epub 2015/07/16. doi: 

10.1089/hum.2015.069.  

[21] Phillips AJ. The challenge of gene therapy and DNA 

delivery. J Pharm Pharmacol. 2001;53(9):1169-74. 

Epub 2001/10/02. doi: 10.1211/0022357011776603. 

[22] Burks J, Nadella S, Mahmud A, 

Mankongpaisarnrung C, Wang J, Hahm JI, et al. 

Cholecystokinin Receptor-Targeted Polyplex 

Nanoparticle Inhibits Growth and Metastasis of 

Pancreatic Cancer. Cell Mol Gastroenterol Hepatol. 

2018;6(1):17-32.  

[23] Cheng R, Peng J, Yan Y, Cao P, Wang J, Qiu C, et 

al. Efficient gene editing in adult mouse livers via 

adenoviral delivery of CRISPR/Cas9. FEBS Lett. 

2014;588(21):3954-8.  

[24] Gori JL, Hsu PD, Maeder ML, Shen S, Welstead 

GG, Bumcrot D. Delivery and Specificity of 

CRISPR-Cas9 Genome Editing Technologies for 

Human Gene Therapy. Hum Gene Ther. 

2015;26(7):443-51.  

[25] Yin H, Song CQ, Dorkin JR, Zhu LJ, Li Y, Wu Q, et 

al. Therapeutic genome editing by combined viral 

and non-viral delivery of CRISPR system 

components in vivo. Nat Biotechnol. 

2016;34(3):328-33.  

[26] Hastie E, Samulski RJ. Adeno-associated virus at 

50: a golden anniversary of discovery, research, and 

gene therapy success--a personal perspective. Hum 

Gene Ther. 2015;26(5):257-65.  

[27] Kotterman MA, Chalberg TW, Schaffer DV. Viral 

Vectors for Gene Therapy: Translational and 

Clinical Outlook. Annu Rev Biomed Eng. 

2015;17:63-89.  

[28] Horii T, Arai Y, Yamazaki M, Morita S, Kimura M, 

Itoh M, et al. Validation of microinjection methods 

for generating knockout mice by CRISPR/Cas-

mediated genome engineering. Sci Rep. 

2014;4:4513.  

[29] Remy S, Chenouard V, Tesson L, Usal C, Menoret 

S, Brusselle L, et al. Generation of gene-edited rats 

by delivery of CRISPR/Cas9 protein and donor 

DNA into intact zygotes using electroporation. Sci 

Rep. 2017;7(1):16554. 

[30] Stewart MP, Sharei A, Ding X, Sahay G, Langer R, 

Jensen KF. In vitro and ex vivo strategies for 

intracellular delivery. Nature. 2016;538(7624):183-

92.  

[31] Hyland KA, Aronovich EL, Olson ER, Bell JB, 

Rusten MU, Gunther R, et al. Transgene Expression 

in Dogs After Liver-Directed Hydrodynamic 

Delivery of Sleeping Beauty Transposons Using 

Balloon Catheters. Hum Gene Ther. 

2017;28(7):541-50.  

[32] Yarmush ML, Golberg A, Sersa G, Kotnik T, 

Miklavcic D. Electroporation-based technologies for 

medicine: principles, applications, and challenges. 

Annu Rev Biomed Eng. 2014;16:295-320.  

[33] Cunningham FJ, Goh NS, Demirer GS, Matos JL, 

Landry MP. Nanoparticle-Mediated Delivery 



 

Tr. Doğa ve Fen Derg. Cilt 11, Sayı 1, Sayfa 151-156, 2022     Tr. J. Nature Sci. Volume 11, Issue 1, Page 151-156, 2022 
 

 

156 

towards Advancing Plant Genetic Engineering. 

Trends Biotechnol. 2018;36(9):882-97.  

[34] Liu C, Zhang L, Liu H, Cheng K. Delivery strategies 

of the CRISPR-Cas9 gene-editing system for 

therapeutic applications. J Control Release. 

2017;266:17-26. Epub 2017/09/16.  

[35] Su C, Liu Y, He Y, Gu J. Analytical methods for 

investigating in vivo fate of nanoliposomes: A 

review. J Pharm Anal. 2018;8(4):219-25.  

[36] Hill AB, Chen M, Chen CK, Pfeifer BA, Jones CH. 

Overcoming Gene-Delivery Hurdles: Physiological 

Considerations for Nonviral Vectors. Trends 

Biotechnol. 2016;34(2):91-105.  

[37] Lim J, You M, Li J, Li Z. Emerging bone tissue 

engineering via Polyhydroxyalkanoate (PHA)-based 

scaffolds. Mater Sci Eng C Mater Biol Appl. 

2017;79:917-29.  

[38] Ryu N, Kim MA, Park D, Lee B, Kim YR, Kim KH, 

et al. Effective PEI-mediated delivery of CRISPR-

Cas9 complex for targeted gene therapy. 

Nanomedicine. 2018;14(7):2095-102.  

[39] Aghamiri S, Mehrjardi KF, Shabani S, Keshavarz-

Fathi M, Kargar S, Rezaei N. Nanoparticle-siRNA: 

a potential strategy for ovarian cancer therapy? 

Nanomedicine (Lond). 2019;14(15):2083-100.  

[40] Chen K, Hong Y, Li Z, Wu YL, Wu C. Cationic 

polymeric nanoformulation: Recent advances in 

material design for CRISPR/Cas9 gene therapy. 

Progress in Natural Science: Materials International. 

2019;29:617-627. 

[41] Lino CA, Harper JC, Carney JP, Timlin JA. 

Delivering CRISPR: a review of the challenges and 

approaches. Drug Deliv. 2018;25(1):1234-57.  

[42] Li L, Song L, Liu X, Yang X, Li X, He T, et al. 

Artificial Virus Delivers CRISPR-Cas9 System for 

Genome Editing of Cells in Mice. ACS Nano. 

2017;11(1):95-111.  

[43] Liu BY, He XY, Xu C, Xu L, Ai SL, Cheng SX, et 

al. A Dual-Targeting Delivery System for Effective 

Genome Editing and In Situ Detecting Related 

Protein Expression in Edited Cells. 

Biomacromolecules. 2018;19(7):2957-68.  

[44] Zhang Z, Wan T, Chen Y, Chen Y, Sun H, Cao T, et 

al. Cationic Polymer-Mediated CRISPR/Cas9 

Plasmid Delivery for Genome Editing. Macromol 

Rapid Commun. 2019;40(5):e1800068.  

[45] Kang YK, Kwon K, Ryu JS, Lee HN, Park C, Chung 

HJ. Nonviral Genome Editing Based on a Polymer-

Derivatized CRISPR Nanocomplex for Targeting 

Bacterial Pathogens and Antibiotic Resistance. 

Bioconjug Chem. 2017;28(4):957-67.  

[46] Zhu D, Shen H, Tan S, Hu Z, Wang L, Yu L, et al. 

Nanoparticles Based on Poly (beta-Amino Ester) 

and HPV16-Targeting CRISPR/shRNA as Potential 

Drugs for HPV16-Related Cervical Malignancy. 

Mol Ther. 2018;26(10):2443-55.  

[47] Rui Y, Wilson DR, Choi J, Varanasi M, Sanders K, 

Karlsson J, et al. Carboxylated branched poly(beta-

amino ester) nanoparticles enable robust cytosolic 

protein delivery and CRISPR-Cas9 gene editing. Sci 

Adv. 2019;5(12):eaay3255.  

[48] Xu C, Lu Z, Luo Y, Liu Y, Cao Z, Shen S, et al. 

Targeting of NLRP3 inflammasome with gene 

editing for the amelioration of inflammatory 

diseases. Nat Commun. 2018;9(1):4092.  

[49] Turecek PL, Bossard MJ, Schoetens F, Ivens IA. 

PEGylation of Biopharmaceuticals: A Review of 

Chemistry and Nonclinical Safety Information of 

Approved Drugs. J Pharm Sci. 2016;105(2):460-75.  

[50] Zhang H, Bahamondez-Canas TF, Zhang Y, Leal J, 

Smyth HDC. PEGylated Chitosan for Nonviral 

Aerosol and Mucosal Delivery of the CRISPR/Cas9 

System in Vitro. Mol Pharm. 2018;15(11):4814-26.  

 

 


