
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 RSCPublishing 

COMMUNICATION 

This journal is ©  The Royal Society of Chemistry 2015 Chem. Commun., 2015, 00, 0-0 | 1 

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th March 2015, 

Accepted 00th March 2015 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Efficient construction of stable gene nanoparticles 

through polymerase chain reaction with flexible 
branched primers for gene delivery† 

Jianbing Liu, Runyu Wang, Dejun Ma, Di Ouyang and Zhen Xi* 

Flexible branched primers were designed to construct stable 

gene nanoparticles with multiple target gene copies through 

polymerase chain reaction, which can be used as efficient 

transcription template in eukaryotic cells for gene delivery. 

Gene therapy has become more and more important in the de-

velopment of biomedicines due to the potential to cure many 

gene related diseases in recent years. How to efficiently transfer 

target gene into specific tissues is the first key step for gene 

therapy. To address this, much attention has been paid to devel-

op various gene delivery vehicles (e.g., lipoplexes, polyplexes) 

and encapsulated gene cargoes.1 The traditional gene cargo of 

non-viral vectors for gene therapy is plasmid. However, numer-

ous unmethylated CpG motifs in the plasmid backbone can 

induce several immunotoxic effects to the transfected mamma-

lian cells.2 And the obstinate bacterial remnants such as lipo-

polysaccharides (LPS) of the plasmid can also cause adverse 

immune response.3 Because of these obstacles, numerous re-

search have been performed to construct new gene cargos, such 

as minicircle DNA,4 minimalistic, immunologically defined 

gene expression vector (MIDGE),5 Micro-Linear vector 

(MiLV)6 and PCR amplified DNA fragment.7 These work all 

depend on the reduction of the unnecessary DNA sequences of 

plasmid to reduce the total number of unmethylated CpG motifs 

and avoid the complicated purification process for plasmid. 

However, these uncompacted small vectors are more difficult to 

be packaged by the corresponding vehicles than that of super-

coiled plasmid.8 Meanwhile, normally one copy of the gene 

expression cassette is involved in single vector. We therefore 

hypothesize that crosslinked small vectors with multiple target 

gene copies would result in a condensed DNA structure (gene 

cargo) to assist the encapsulation process for gene delivery. 

Fortunately, various non-viral nanocarriers for plasmid have 

been developed with high gene transfection efficiency,9 which 

could be also suitable for the condensed gene cargo. 

On the other hand, much effort has been devoted to get these 

crosslinked DNA structures, such as origami,10 holliday junc-

tion11 and crosslinking molecule12 assisted DNA self assembly. 

While, when the long gene expression cassette is involved, 

these DNA self-assembly processes become much more com-

plex and time-consuming. Fortunately, polymerase chain reac-

tion (PCR) is a very mature technology to produce multifold 

long linear DNA products in a short time. When branched pri-

mers are employed in PCR process, various crosslinked DNA 

structures with target gene can be efficiently constructed.13 So 

far, in vivo delivery of these chemically branch-PCR products 

and their biological effects in cell have not been explored. 

In this work, through PCR with flexible branched primers, 

we succeed in constructing the crosslinked DNA with nanopar-

ticle-like morphology efficiently. When target gene expression 

cassette is involved in the template, the gene cargos can be effi-

ciently produced in large scale. These condensed gene nanopar-

ticles with multiple gene copies show efficient protein expres-

sion in living cells. This work presents the first application of 

branch-PCR gene cargos to the study of gene delivery in living 

cells. 

 
Fig. 1  PCR of the target gene with three groups of primer pairs F1 and R1, F2 and 

R2, F3 and R3 for the construction of these poly linear vectors encoding the target 

protein. 
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Three groups of primer pairs are designed (sequences 

showed in Table S1, ESI†), such as F1 and R1, F2 and R2, F3 and 

R3 (F: forward primer, R: reverse primer, superscript stands for 

the number of extending direction of PCR) corresponding to the 

1D, 2D and 3D extending respectively (Fig. 1). F1 and R1 is the 

normal primer pair without any terminal modification of the 

DNA oligos. F2 and R2, F3 and R3 were constructed through 

thiol-Michael addition reaction to 2M or 3M by FS
 and RS (su-

perscript ‘s’ stands for the 5’ thiol modification with the flexi-

ble spacer of six carbons) (Fig. 2a, Fig. S1, ESI†).14 Such ob-

tained three groups of primer pairs were analyzed by the 15% 

denatured PAGE to ensure their synthetic purity (Fig. 2b). F3 

and R3 migrated slower than the 75 nt DNA marker, depending 

on their branched structures. At the same time, the mass spectra 

of F3 and R3 were consistent with the calculated values (see 

ESI†). 

After getting these primer groups successfully, we subse-

quently studied the conditions for the special PCR system. 

Firstly, we chose a short 50 bp template as a test run (sequences 

showed in Table S1, ESI†). Following the traditional PCR op-

eration by replacing the normal primer pair with the branched 

primer pairs (Fig. S2, ESI†), we got the PCR products as the 

main band result in the 2% agarose gel analysis (Fig. 2c). Inter-

estingly, we also found that the PCR product based on tri-

branched primer pair F3 and R3 exhibited a clean nanoparticle 

morphology in the AFM detection (Fig. 2d). 

 
Fig. 2  Synthesis of branched primers and branch-PCR with 50 bp template. (a) 

Synthetic strategy for the primer pairs F
2
 and R

2
, F

3
 and R

3 
from the 5’ thiol modi-

fied oligos F
S

 and R
S
. (b) 15% denatured PAGE (7 M urea) analysis of the three 

groups of primer pairs. (c) 2% agarose gel electrophoresis analysis for the PCR 

products of the 50 bp template with the above three groups of primer pairs. M: 

DNA marker. (d) AFM analysis of the PCR product F
3
+R

3 
based on primer pair F

3
 

and R
3
, about 80-130 nm in diameter. Scale bar: 1000 nm. 

In order to study the property of the obtained DNA nanopar-

ticles, we next evaluated their response to the biological en-

zymes such as restriction endonuclease and T4 ligase. During 

the sequences design, we have employed a restriction endonu-

clease site AvaI in the middle of the 50 bp template (Fig. S3a, 

ESI†). The branch-PCR product F3+R3 could be cleaved and 

subsequently re-ligated by the restriction endonuclease AvaI 

and T4 ligase, respectively (Fig. S3, ESI†).  

 
Fig. 3  Branch-PCR with reconstructed SP6-EGFP template for cell-free expression. 

(a) Sequence design of the reconstructed SP6-EGFP template. (b) 1% agarose gel 

electrophoresis analysis for the PCR products of the reconstructed SP6-EGFP 

template with three groups of primer pairs. (c) AFM analysis of the PCR product 

F3+R3 based on primer pair F3 and R3, about 850-950 nm in diameter. Scale bar: 

1000 nm. (d) The EGFP fluorescence detection of the cell-free system with three 

kinds of PCR products. 

Encouraged by these results, we next investigated much 

longer reconstructed SP6-EGFP template (809 bp) (Fig. 3a, 

sequences showed in Table S2, ESI†) to check this new PCR 

method. The sequences of the primer pair F1 and R1 were the 

same as before, and between the primer F1 and EGFP gene, SP6 

promoter and Kozak region have been inserted. Following the 

EGFP, 20 nt poly A sequence was added to make sure the sta-

bility of the transcripted mRNA. 

The reconstructed SP6-EGFP template was obtained through 

one-step normal PCR amplification from the pEGFP-N1 with 

the common primer pair (sequences showed in Table S2, ESI†). 

Then, the branch-PCR over this template was carried out simi-

larly to the 50 bp template. The newly obtained branch-PCR 

products showed remarkably slower mobility than its SP6-

EGFP template (809 bp) (Fig. 3b). Interestingly, such obtained 

Page 2 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ChemComm COMMUNICATION 

This journal is ©  The Royal Society of Chemistry 2015 Chem. Commun., 2015, 00, 0-0 | 3 

branch-PCR product F3+R3 based on tri-branched primer pair 

F3 and R3 showed a clean larger nanoparticle morphology in the 

AFM detection (Fig. 3c). 

These branch-PCR nanoparticles were then translated into 

the target EGFP protein through SP6 high-yield wheat germ 

protein expression system in a cell-free manner. In the 25 μL 

reaction system, 15 μL cell-free lysate and 3.0 μg (6 pmol) of 

each PCR product (10 μL) have been applied, then these mix-

tures were incubated at 25 oC for 48 hours. After that, we took 

10 μL of the each sample to detect the fluorescence intensity of 

EGFP directly. Based on the similar fluorescence intensity at 

about 510 nm (characteristic peak of EGFP), we could find that 

these PCR products with primer pairs F1 and R1, F2 and R2, F3 

and R3 can all be employed to work as the template for the 

translation in the SP6 cell-free expression system efficiently 

(Fig. 3d). The residual SP6-EGFP template made negligible 

contribution to the fluorescence (Fig. S4, ESI†). 

 
Fig. 4  Branch-PCR with reconstructed CMV-EGFP template for translation in 

eukaryotic cells. (a) Sequence design of the reconstructed CMV-EGFP template. 

(b) 1% agarose gel electrophoresis analysis for the PCR products of the recon-

structed CMV-EGFP template with three kinds of primer pairs and the digestion 

results with restriction endonucleases Ase I and Afl II. (c) 1% agarose gel electro-

phoresis analysis for the resistance of the three kinds of PCR products to Exonu-

clease III digestion. (d) Confocal microscopy images of the expression of EGFP in 

eukaryotic cells HEK-293A transfected with 250 ng pEGFP-N1 plasmid and three 

kinds of PCR products respectively. Scale bar: 50 μm. 

As we know, compared with the normal linear DNA, the 

crosslinked DNA nanoparticles are easier to be encapsulated for 

delivery through the endocytosis.15 In order to evaluate the ex-

pression ability of our poly linear vector in the eukaryotic cells, 

we next constructed the CMV-EGFP template (1679 bp) (Fig. 

4a, sequences showed in Table S3, ESI†). It should be noted 

that the SV40 poly A section was also involved in the template 

to stabilize the transcripted mRNA in the cellular environment. 

Similarly, the common primer pair (sequences showed in Table 

S3, ESI†) was applied to amplify the reconstructed CMV-

EGFP template from the pEGFP-N1. Two restriction endonu-

clease sites Ase I and Afl II (Fig. S5, ESI†) at each end of the 

template were inserted to test the enzyme compatibility of these 

special PCR products. The PCR product F3+R3 based on tri-

branched primer pair F3 and R3 was much more resistant to the 

digestion by these restriction enzymes (Fig. 4b). The exonucle-

ase III digestion assay also showed that the branch-PCR nano-

particle F3+R3 (Fig. S6, ESI†) remained almost 50% even after 

1 hour treatment by 6 U of exonuclease III (Fig. 4c, Table S4, 

ESI†). 

Next, we investigated whether these DNA nanoparticles can 

be translated into the target EGFP protein in the eukaryotic 

cells. 250 ng control plasmid pEGFP-N1 and three kinds of 

purified branch-PCR products were transfected into the HEK-

293A by Lipofectamine 2000 respectively. After 4 hours incu-

bation, the medium was replaced by 2 mL fresh DMEM medi-

um supplemented with 10% FBS. 20 hours later, these cell 

samples were observed through the confocal microscopy direct-

ly. The observed EGFP fluorescence of the experiment groups 

indicated that these DNA nanoparticles can efficiently work as 

the template for gene expression in the cellular environment 

(Fig. 4d). Similarly, the residual DNA template made negligible 

contribution to the fluorescence (Fig. S7, ESI†). 

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

gy to construct the condensed DNA nanoparticles through PCR 

using flexible branched primers. These condensed PCR prod-

ucts show several advantages for gene delivery. Firstly, these 

DNA structures can be easily produced by PCR amplification 

in a short time. Secondly, these condensed PCR products have 

well-defined nanoparticle-like morphology with multiple gene 

copies. Thirdly, these gene nanoparticles show much better 

stability to the digestion of exonuclease III. Finally, these gene 

nanoparticles can act as poly linear vectors for in vivo protein 

expression in eukaryotic cells. This construction strategy for 

gene nanoparticles can be potentially general to other target 

gene for gene therapy. 

This work was supported by the MOST of China 

(2012AA022501) and NSFC (21332004). 
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