
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


ChemComm  

COMMUNICATION 

This journal is ©  The Royal Society of Chemistry 2015 Chem. Comm., 2015, 00, 1-4 | 1  

 

 

Department of Chemical Biology, State Key Laboratory of Elemento-Organic Chem-
istry, National Engineering Research Center of Pesticide (Tianjin), Collaborative 
Innovation Center of Chemical Science and Engineering (Tianjin), Nankai University, 
Tianjin 300071, China. E-mail: zhenxi@nankai.edu.cn; 
Tel: (+ 86)22-2350-4782 
† Electronic Supplementary Information (ESI) available: Experimental details of the 
DNA sequence information, synthetical method of DNA juction, PCR process and 
additional figures for analysis. See DOI: 10.1039/c0xx00000x 

Received 00th September 2015, 

Accepted 00th September 2015 

DOI: 10.1039/c0xx00000x 

www.rsc.org/chemcomm  

Flexible DNA junction assisted efficient construction of stable 

gene nanoparticles for gene delivery† 

Jianbing Liu, Yanyan Li, Dejun Ma, Di Ouyang and Zhen Xi*

Flexible DNA junction was designed to assist the construction of stable 

gene nanoparticles with multiple target gene copies, which can be used as 

the efficient gene cargo with successful expression in eukaryotic cells for 

gene delivery. 

Gene therapy is a promising strategy to the treatment of many 

gene related diseases.1 Safe and efficient gene delivery vector is 

always the first key step for the development of gene medicine. 

Till now, the gene delivery vectors mainly include two catego-

ries, viral vectors and non-viral vectors.2 On the safe side, much 

attention has been paid to the construction of various non-viral 

vectors, such as lipoplexes and polyplexes.3 And, the gene car-

go involved in these non-viral vectors is almost the traditional 

plasmid. As we know, the plasmid is easy to construct and am-

plify through the classic protocol. While, the numerous un-

methylated CpG motifs and the obstinate bacterial remnants 

such as lipopolysaccharides (LPS) of the plasmid can induce 

adverse immune response.4 To address this, numerous studies 

have been performed to the construction of newly generated 

gene cargos, such as the PCR amplified gene expression cas-

sette.5 To these small linear gene expression cassettes, unneces-

sary DNA sequences and the inherent obstacles of the plasmid 

are avoided. However, the poor stability and low packaging 

efficiency of the linear gene cargos are the main challenges to 

the further gene delivery research.6 We therefore hypothesize 

that crosslinked linear gene cargos with the condensed DNA 

structure would be easier for encapsulation by the well-

developed non-viral nanocarriers7 and with enhanced stability. 

Meanwhile, much effort has been devoted to getting these 

condensed DNA structures. Among these construction methods, 

DNA Holliday junction is the main strategy to realize the pur-

pose. The self-assembly of these DNA Holliday junctions al-

most depends on the terminal DNA sequences design, such as 

the  sticky ends and i-motif structures.8 While, the vertexes of 

the traditional DNA Holliday junctions are almost composed of 

the DNA duplexes, which would be too rigid to crosslink these 

long gene expression cassettes for condensed DNA structures.9 

Fortunately, branched molecules assisted flexible DNA junc-

tions (DNA-J) have been developed, which would be a great 

substitute for the traditional DNA Holliday junctions.10 Before 

the long gene expression cassette is involved in the crosslinking 

process with these flexible DNA-J, the suitable DNA restriction 

endonucleases should be employed to produce the sticky ends 

of the gene sequences for self-assembly. Importantly, in vivo 

delivery of these crosslinked gene products and their biological 

effects in cell are worth carefully exploring. 

In this work, through rationally designed flexible DNA junc-

tions and a particular DNA restriction endonuclease Bbs I, we 

succeed in constructing the crosslinked gene cargos with nano-

particle-like morphology efficiently. Importantly, these gene 

nanoparticles show excellent target protein expression in living 

cells. This is the first application of crosslinked gene cargos 

assisted by the flexible DNA junctions for the gene delivery 

research in living mammalian cells. 

As shown in Scheme 1, we chose a particular DNA re-

striction endonuclease Bbs I to work as the efficient biological 

scissor. Only the sequence [5’-GAAGAC] is essential for the 

recognition process. The following 2nd and 6nd random bases 

are the cleavage sites to produce the [CCCC] overhangs in the 

both 5’ terminals. Bbs I was employed for the consideration 

including: 1) we can design the DNA sequences among the 

cleavage sites artificially; 2) without the traditional palindromic 

sequences, the self-crosslinking problem of the digested gene 

products can be avoided; 3) more stable GC base pairs can be 

chose to favour the following crosslinking process. In this way, 

the rationally designed total gene sequences with two GC pairs 

in both ends to make sure the digestion process of Bbs I were 

showed in Table S1, ESI†. The final reconstructed target gene 

CMV-EGFP (1667 bp) was obtained through the one-step nor-

mal PCR amplification from the pEGFP-N1 with the common 

primer pair (sequences showed in Table S2, Fig. S1, ESI†). 
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Scheme 1  Schematic illustration of the construction of poly linear gene cargos assisted 

by the flexible DNA junctions (DNA-J) and the particular DNA restriction endonuclease 

Bbs I for gene delivery research. 

 

Fig. 1  Synthesis of the flexible branched DNA junction (DNA-J). (a) Synthetic strategy 

for the branched DNA structure A3 from the 5’ thiol modified oligos AS. (b) Construction 

method for the flexible DNA junction through the annealing process between S1 and A3. 

(c) 15% native PAGE analysis of the linear DNA S1, branched DNA structure A3 and the 

constructed flexible DNA junction (DNA-J). M: DNA marker. 

After getting the reconstructed target gene CMV-EGFP suc-

cessfully, we next aimed to construct the flexible DNA junc-

tions (DNA-J). As shown in the Fig. 1a, the flexible branched 

DNA structure A3 was firstly synthetized through the thiol-

Michael addition reaction to the crosslinking molecule 3M by 

AS (20 nt DNA oligo, superscript ‘s’ stands for the 5’ thiol 

modification with the flexible spacer of six carbons) efficiently 

(sequences showed in Table S3, synthetic process see Fig. S2, 

mass spectra of A3 was consistent with the calculated values, 

ESI†).11 Then, we designed a corresponding complementary 

DNA sequence S1 (24 nt DNA oligo, with 5’ phosphate modifi-

cation for the following T4 ligation process) to anneal with the 

flexible branched DNA structure A3 in a ratio of 3:1 (Fig. 1b, 

sequences showed in Table S3, ESI†). Till now, the flexible 

DNA junction with three [GGGG] overhangs (sequences in 

blue colour of Fig. 1b) has been constructed successfully. Such 

obtained DNA structures were also analyzed by the 15% native 

PAGE to ensure their synthetic purity (Fig. 1c). Depending on 

their branched structures, we found that the newly generated 

flexible DNA junctions exhibited much slower mobility than 

their corresponding DNA marker. 

Encouraged by these results, we next investigated the condi-

tions for the crosslinking process between the flexible branched 

DNA junctions and the above-mentioned reconstructed target 

gene CMV-EGFP. As shown in the Fig. 2a, DNA restriction 

endonuclease Bbs I was responsible for the digestion of the 

target gene CMV-EGFP to result in two [CCCC] overhangs in 

the both 5’ ends (Fig. 2b, line 3). After the purification process, 

the flexible branched DNA junction with three [GGGG] over-

hangs was introduced into the crosslinking system with a 2/3 

ratio to the digested target gene CMV-EGFP for the sufficient 

self-assembly of the whole sticky ends. In order to ensure the 

thermodynamic stability of the crosslinked gene cargos, T4 lig-

ase was employed in the crosslinking process (Fig. S3, ESI†). 

Obviously, we found that the T4 ligated products were with 

very low mobility and mainly persisted in the sample loading 

zone during the agarose gel electrophoresis analysis (Fig. 2b, 

line 4). This phenomenon may illustrate that multiple target 

gene copies have been crosslinked successfully through the 

self-assembly process with the efficient recognition of stable 

GC base pairs. 

To these crosslinked gene cargos, we also evaluated their en-

zyme compatibility. During the sequences design, we intention-

ally inserted two common DNA restriction endonuclease sites 

Ase I and Afl II into the both ends of the reconstructed target 

gene CMV-EGFP. Line 5 of Fig. 2b showed that the cross-

linked gene cargos can also be normally recognized and subse-

quently digested by the Ase I and Afl II to release the linear 

gene fragment (Fig. S4, ESI†). 

Next, atomic force microscopy (AFM) was used to observe 

the morphology of the crosslinked gene cargos. Interestingly, 

we found that these crosslinked linear gene cargos were with 

clear nanoparticle-like morphology (Fig. 2c). The mean diame-

ter of these condensed gene nanoparticles fitted well with the 

hydrodynamic diameter obtained through the dynamic light 

scattering (DLS) detection (Fig. S5, ESI†). 

  

Fig. 2  Flexible DNA junction assisted construction of the target gene nanoparticles. (a) 

Sequence design of the reconstructed target gene CMV-EGFP. (b) 1% agarose gel elec-

trophoresis analysis for the PCR product CMV-EGFP (line 2), Bbs I digestion product 

(line 3), T4 ligated product (line 4) and the digested fragment of ligated products by Ase 

I+Afl II (line 5), respectively. (c) AFM analysis of the crosslinked linear gene cargos, 

about 210-250 nm in diameter. Scale bar: 400 nm. 
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Fig. 3  Evaluation of the stability and translational ability in the HEK-293A cells for the 

condensed gene nanoparticles. (a) 1% agarose gel electrophoresis analysis for the 

resistance of the DNA products (the linear PCR product CMV-EGFP and condensed gene 

nanoparticles) to the digestion of Exonuclease III. (b) Confocal microscopy images of 

the expression of EGFP in HEK-293A transfected with 250 ng pEGFP-N1 plasmid, linear 

PCR product CMV-EGFP, and condensed gene nanoparticles for 24 h, respectively. Scale 

bar: 50 μm. (c) Flow cytometry analysis of the expression of EGFP in HEK-293A trans-

fected with 250 ng pEGFP-N1 plasmid, linear PCR product CMV-EGFP, and condensed 

gene nanoparticles for 24, 48 and 72 h, respectively. 

Inspired by the above results, we further investigated the sta-

bility of these condensed gene nanoparticles through the classic 

exonuclease III digestion assay. The linear reconstructed target 

gene CMV-EGFP was almost completely digested under the 

treatment by 4 U of exonuclease III during 1 hour (Fig. 3a). 

While, the crosslinked condensed gene nanoparticles remained 

almost 50% in the same condition (Fig. 3a, Table S4, ESI†). 

The efficient crosslinked and protected gene terminals of these 

condensed gene nanoparticles should be responsible for the 

much enhanced stability towards the digestion of exonuclease 

III. This property may facilitate the delivery process of these 

gene nanoparticles in vivo. 

With the enhanced stability, we next examined the expres-

sion ability of these condensed gene nanoparticles in the eukar-

yotic cells HEK-293A. To ensure the successful expression 

process in the eukaryotic cells, the eukaryotic CMV promoter 

and the SV40 poly A section were both involved in the recon-

structed target gene CMV-EGFP (Fig. 2a). 250 ng control 

plasmid pEGFP-N1, linear PCR product CMV-EGFP and the 

crosslinked condensed gene nanoparticles were transfected into 

the HEK-293A by Lipofectamine 2000, respectively. After 4 

hours incubation, the medium was replaced by 2 mL fresh 

DMEM medium supplemented with 10% FBS. 20 hours later, 

these cell samples were observed through the confocal micros-

copy directly. The observed intense EGFP fluorescence of the 

experiment groups indicated that these condensed gene nano-

particles can efficiently work as the template for gene expres-

sion in the cellular environment (Fig. 3b). Also, the flow cy-

tometry analysis was employed for the quantitative study of the 

expression ability of the three kinds of gene cargos. Interesting-

ly, we found that our gene nanoparticles can induce nearly 30% 

EGFP positive cells even after 72 h (Fig. 3c). The long-lasting 

effect may be caused by the enhanced stability of the gene na-

noparticles as shown above. 

In summary, we have developed a facile and efficient strate-

gy to construct the condensed gene nanoparticles through the 

flexible DNA junctions assisted self-assembly process. These 

condensed gene nanoparticles show several advantages for gene 

delivery. Firstly, these condensed gene cargos can be easily 

produced through the self-assembly process with the efficient 

recognition of stable GC base pairs. Secondly, these condensed 

gene cargos with multiple gene copies have well-defined nano-

particle-like morphology. Thirdly, these gene nanoparticles 

show much enhanced stability towards the digestion of exonu-

clease III. Finally, our gene nanoparticles can efficiently act as 

the poly linear vectors for in vivo target protein expression in 

eukaryotic cells. This construction strategy for gene nanoparti-

cles can be potentially general to other target genes for gene 

delivery. 

This work was supported by the MOST of China 

(2012AA022501) and NSFC (21332004). 
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