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 An important criterion for effective gene therapy is suffi cient chromo-
somal integration activity. The Sleeping Beauty (SB) transposon system is 
a plasmid system allowing effi cient insertion of transgenes into the host 
genome. However, such effi cient insertion occurs only after the system is 
delivered to nuclei. Since transposons do not have the transducing abili-
ties of viral vectors, effi cient delivery of this system fi rst into cells and then 
into cell nuclei is still a challenge. Here, a phage display technique using 
a major coat displayed phage library is employed to identify a peptide 
(VTAMEPGQ) that can home to rat mesenchymal stem cells (rMSCs). A 
nanoparticle, called liposome protamine/DNA lipoplex (LPD), is electro-
statically assembled from cationic liposomes and an anionic complex of 
protamine, DNA and targeting peptides. Various peptides are enveloped 
inside the LPD to improve its targeting capability for rMSCs and nuclei. 
The rMSC-targeting peptide and nuclear localization signal (NLS) peptide 
can execute the synergetic effect to promote transfection action of LPD. 
The homing peptide directs the LPD to target the MSCs, whereas the NLS 
peptide directs transposon to accumulate into nuclei once LPD is internal-
ized inside the cells, leading to increased gene expression. This suggests 
that rMSC-targeting peptide and NLS peptide within LPD can target to 
rMSCs and then guide transposon into nuclei. After entering the nuclei, 
SB transposon increase the insertion rates into cellular chromosomes. The 
targeting LPD does not show obvious cell toxicity and infl uence on the dif-
ferentiation potential of rMSCs. Therefore, the integration of SB transposon 
and LPD system is a promising nonviral gene delivery vector in stem cell 
therapy. 
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  1. Introduction 

 The development of an ideal gene delivery 
system has been the goal of gene thera-
pists for many years. Transgenic DNA 
must penetrate three biological barriers, 
namely, the cellular membrane, the 
nuclear membrane, and chromosomal 
integrity, for successful gene therapy. 
Gene delivery to mammalian chromo-
somes has been achieved using two broad 
classes of vectors, viral and nonviral. [  1  ]  
Viruses effi ciently deliver genes to target 
cells for expression as a part of their nat-
ural activity. [  2  ]  However, clinical outcomes 
in several gene therapy trials have served 
to highlight key problems of carcinoma-
tous mutation in their therapeutic applica-
tions. [  3  ,  4  ,  5  ]  Nonviral vectors, as alternatives 
to viruses, are often less effective because 
the integration of single genes into chro-
mosomes requires effi ciently penetrating 
the above three barriers. [  6  ,  7  ]  

 Transposable elements can be consid-
ered as natural, nonviral gene delivery 
vehicles capable of effi cient genomic 
insertion. The plasmid-based transposon 
system of Sleeping Beauty (SB) combines 
the advantages of viruses and naked DNA 
molecules. [  8  ,  9  ]  The pDNA used in this 
work is a SB transposon system made of 
a SB transposase and a transposon that 
can insert a specifi c fragment of DNA 
into genomes of cells in a cut-and-paste fashion. Therefore, in 
contrast to conventional plasmid vectors, the transposon can 
be integrated into chromosomes through a precise, recombi-
nase-mediated mechanism, providing long-term expression of 
the gene of interest in cells. [  10  ]  The advantages of transposons 
in comparison to viral systems include their simplicity and 
improved safety/toxicity profi les. [  9  ]  However, transposons play 
a role in promoting gene expression only after they can be 
delivered fi rst across cell membrane and then into cell nuclei. 
In this work, we will integrate two peptides, a peptide that can 
target cell surface and another one that can target cell nuclei, 
into liposome-transposon complex for effi ciently delivering 
transposon to cell nuclei for enhanced gene expression. The 
Adv. Funct. Mater. 2013, 23, 1172–1181
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   Table  1.     Peptide sequences displayed by selected rMSC-binding phage 
clones and their occurrence frequencies. 

Motif Sequence Frequency

VTAMEPGQ 28

AFNPEPGQ 11

VTALEPGQ 7

DTPPGWDQ 5
liposome-transposon complex, termed liposome protamine/
DNA lipoplex (LPD), is a nanoparticle made by mixing a cati-
onic liposome and an overall anionic preformed complex of 
anionic DNA, cationic protamine, anionic cell-surface targeting 
peptides (identifi ed by phage display) and cationic nuclear 
localization signal (NLS) peptide. Such LPD system can allow 
the transgenic DNA to penetrate the aforementioned three bio-
logical barriers for successful gene delivery. 

 Phage display technique is a promising method for iden-
tifying interacting peptide ligands to certain targets without 
knowledge about their molecular properties. [  11  ]  In vitro and 
in vivo phage display applications have been successfully con-
ducted to identify homing peptide ligands targeting various 
cells or tissues. [  12  ,  13  ]  In this work, a peptide was screened by a 
phage display to increase the targeted delivery of transposon 
to rat mesenchymal stem cells (rMSCs). During the screening 
process, a phage library, made of millions of phage clones 
(input) with each clone displaying a unique peptide on the 
major coat, was allowed to interact with rMSCs. The phage 
clones that do not bind to the cell surfaces are washed away 
by using a washing buffer. Then, an elution buffer was used 
to remove the phage clones bound to the cell surface. The 
eluted phage clones (output) are amplifi ed by infecting bac-
terial cells and used as a new input to interact with rMSCs 
again. This screening process where the output is used as a 
new input was repeated for a few rounds. The phage DNA 
can be sequenced to determine the foreign peptides displayed 
on the phage clones that bind to cell surface and survive the 
screening process. 

 Mesenchymal stem cells (MSCs) have the capacity to differ-
entiate into cells of mesodermal lineages, including osteogenic, 
chondrogenic, myogenic and adipogenic lineages. This differen-
tiation capacity makes the use of MSCs an attractive treatment 
for tissue regeneration and engineering. Furthermore, they are 
relatively easy to isolate, manipulate and culture, and, at least 
     Figure  1 .     Binding of control wild type phage and affi nity selected phages to rMSCs evaluated 
by ELISA. The  x  axis indicates the absorbance of ELISA signal and the  y  axis shows the affi nity 
selected peptide sequences displayed on the major coat of phage.  
in vitro, show signifi cant expansion capa-
bility. [  14  ,  15  ]  These characteristics make them 
very interesting candidates for the delivery of 
exogenous genes. We expected that the iden-
tifi cation of a novel rMSC-homing peptide by 
phage display screening would enable novel 
design and preparation of effi cient gene car-
riers, which could deliver the transposon into 
rMSCs specifi cally. In order to overcome the 
nuclear membrane, we also used an NLS pep-
tide to enhance nuclear translocation of gene 
materials. The basic NLS peptide is derived 
from the simian virus 40 large tumor antigen 
(DKKKRKV), which mediates binding of the 
karyophilic protein to importin  α . The NLS 
peptide was found to be vital in achieving 
the high levels of gene expression. [  16  ]  In the 
present study, we used phage display tech-
nique to identify an rMSC-homing peptide 
ligand and then integrated both the identifi ed 
homing peptide and the reported NLS pep-
tide into a peptide-combined liposome-based 
carrier for the development of an effective SB 
transposon gene delivery system.   
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1172–1181
 2. Results 

  2.1. Identifi cation of rMSC-Homing Phage Clones 

 rMSC-homing phage clones were isolated from a major coat 
displayed phage library after three rounds of panning. The 
major coat displayed phage library, also termed landscape 
phage library, is made of billions of fd-tet phage clones with 
each phage clone fully displaying a unique foreign peptide on 
the major coat. Namely, for each phage clone, the foreign pep-
tide is fused to each of the  ≈ 3900 copies of major coat protein 
of fd-tet phage. Phages that were bound to rMSCs in the initial 
selection procedure were amplifi ed separately by infecting bac-
teria and used as an input for the next round of affi nity selec-
tion. After the three rounds of affi nity selection, clones were 
randomly picked and sequenced. The cell-binding peptides 
and their frequencies are shown in  Table    1  . No cell internal-
ized phages were detected after cell lysate amplifi cation and 
phage titering. The cell-binding phage clones with a sequence 
of VTAMEPGQ demonstrated the highest affi nity to rMSCs. 
Phage capture ELISA also indicated that the selected cell-
binding phage with sequence VTAMEPGQ has high affi nity 
against rMSCs (  Figure. 1  ).     
1173wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Affi nity and specifi city of peptide 1 with rMSCs. A) Testing the interaction of dye-
labled peptide 1 or 4 with rMSCs and control cells: strong fl uorescence signals were visualized, 
indicating that a large amount of 10  μ M FITC-labeled peptide 1 was located in rMSCs (b). Weak 
fl uorescence was detected from 1  μ M FITC-labeled peptide 1 in rMSCs (a). No specifi c fl uo-
rescence signal was observed from either 1 and 10  μ M FITC-labeled control peptide 4 (c, d). 
No specifi c fl uorescence signal was observed on rat fi broblastic cells (e) or rat smooth muscle 
cells (f) after incubated with 10  μ M FITC-peptide 1, suggesting FITC-labeled peptide was not 
associated with the cells. B) Testing the blocking of binding to rMSCs in the presence of peptide 
1 or 4. rMSCs were preincubated with 10  μ M peptide 1 (a) or 4 (b) without FITC followed by 
incubation with 10  μ M FITC-labeled peptide 1. Fluorescence microscopy confi rmed that rMSCs 
preincubated with peptide 4 displayed much stronger fl uorescence signals (b) than those pre-
incubated with peptide 1 (a). The nuclei were stained with DAPI. Scale bar: 100  μ m.  

     Figure  3 .     Schematic illustration of targeting LPD modifi ed with rMSC-
homing peptide (peptide 1) and NLS peptide.  
 2.2. rMSC-affi nity and Specifi city of the Identifi ed Peptide 

 The identifi ed peptide (VTAMEPGQ) was designated as pep-
tide 1 (Table  1 ). A random peptide (GCVKYMVM, peptide 4) 
was used as a negative control. The rMSCs were incubated with 
FITC labeled peptide 1 or 4, and observed under a fl uorescence 
microscope. When incubated with 10  μ M FITC-peptide 1, strong 
fl uorescent signals were observed in rMSCs ( Figure    2  A(b)), 
whereas a weak FITC signal was detected from the cells 
when incubated with 1  μ M FITC-peptide 1 (Figure  2 A(a)). 
When incubated with 1 and 10  μ M FITC-labeled control peptide 
4, no specifi c fl uorescence signal was observed from rMSCs at 
both concentrations (Figure  2 A(c,d)). This result suggests that 
peptide 1 can bind with rMSCs in a concentration dependent 
way. However, the random peptide 4 cannot bind to rMSCs spe-
cifi cally. To further investigate the affi nity of peptide 1 to other 
cell types, rat fi broblastic cells and rat smooth muscle cells 
were used as control cells and incubated with 10  μ M FITC-
peptide 1. The result showed that peptide 1 bound to neither 
rat fi broblastic cells (Figure  2 A(e)) nor rat smooth muscle cells 
(Figure  2 A(f)), which indicated its specifi city against rMSCs.    

 2.3. Competitive Binding Using Synthetic Peptide 

 In order to verify whether internalization of peptide 1 takes place 
through a VTAMEPGQ recognition motif, competitive assay 
was performed by prebinding of peptide 1 or 4 without FITC 
to rMSCs. Peptide 1 or 4 was incubated with the cells prior to 
the incubation of FITC-labeled peptide 1. Figure  2 C shows that 
preincubation with unlabeled peptide 1 reduced the binding 
of FITC-labeled peptide 1 to the rMSCs, but the preincubation 
with peptide 4 did not affect the binding of FITC-labeled pep-
tide 1 with rMSCs. This fact confi rms that FITC-labeled peptide 
1 is competitively inhibited in the presence of peptide 1, but not 
of peptide 4.   
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
 2.4. Preparation and Physico-Chemical 
Properties of Liposome Protamine/DNA 
Lipoplexes (LPD) 

 To construct the LPD, we used a two-step 
packaging technology employing a multilay-
ering method. [  17  ,  18  ]  First, the DNA was pack-
aged into a condensed core via electrostatic 
interactions with protamine. The targeting 
peptide with slightly positive potential was 
also added and interacted with the plasmid 
to form a negatively charged particle. Second, 
positively charged DOTAP/DOPE/Chol lipo-
some was added to form a complex with neg-
ative protamine/DNA particle, leading to the 
formation of LPD ( Figure    3  ).  

 The formation of LPD was verifi ed via gel 
electrophoresis and zeta potential measure-
ment. According to the results of gel elec-
trophoresis, DNA migration started to be 
retarded when the weight ratio of protamine 
to pDNA reached 1.5:1 for the protamine to 
condense the DNA (Figure S1, Supporting 
Information). Thus, the protamine/pDNA particle was pre-
pared at a weight ratio of 1:1 to ensure that its zeta potential 
was negative to favor its integration with the DOTAP/DOPE 
liposome. 
nheim Adv. Funct. Mater. 2013, 23, 1172–1181
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   Table  2.     Particle size and zeta potential of protamine/pDNA particles 
and LPD. The pDNA concentration was 20  μ g/mL. The concentration of 
liposome is denoted by the concentration of DOTAP in LPD. 

 Size 
[nm]

Zeta-potential 
[mV]

Protamine:pDNA  =  1:1 245.7  ±  6.47 –27.55  ±  3.33

Protamine:pDNA  =  1.5:1 118.5  ±  4.99 26.25  ±  2.99

LPD (10 mM liposome) 245.1  ±  5.65 20.74  ±  1.89
 The results of dynamic light scattering (DLS) showed that the 
zeta potential of the protamine/pDNA complex was negative 
and 245.7 nm in size at the weight ratio of 1:1 ( Table    2  ), which 
was consistent with the result of gel electrophoresis. At a weight 
ratio of 1.5:1, the particle of protamine/pDNA became positive 
in potential and 118.5 nm in size, which indicates that pDNA 
was condensed by protamine to form a more compact particle.  

 The LPD was then prepared with various concentrations 
of liposome. The gel electrophoresis and DLS were both per-
formed to verify the formation of the LPD. With the increasing 
concentration of liposome, DNA migration was retarded gradu-
ally (Figure S2, Supporting Information). The protamine/pDNA 
particles could be complexed completely with DOTAP/DOPE 
liposome at a concentration of 10 mM DOTAP. The results of 
DLS were consistent with those of the gel electrophoresis. After 
being incorporated with the DOTAP/DOPE liposome, LPD 
had a zeta potential of positive 20.74 mV, and was 245.1 nm 
in size (Table  2 ). The size of the LPD was confi rmed by TEM 
( Figure    4  ).    

 2.5. Transfection Effi ciency 

 To investigate the peptide-enabled targeted delivery effi ciency, 
we performed the transfection effi ciency study using LPD with 
the synthetic targeting peptide 1. Lipofectamine 2000 served as 
© 2013 WILEY-VCH Verlag Gm

     Figure  4 .     Morphology of LPD observed by transmission electron micro-
scope. The particles were negatively stained by 2% uranyl acetate for 
3 min.  

Adv. Funct. Mater. 2013, 23, 1172–1181
a control ( Figure    5  A). The result showed that the transfection 
effi ciency of LPD with peptide 1 was 3.24- and 1.41-fold higher 
than Lipofectamine2000 and LPD without peptide, respectively, 
showing enhanced targeted gene delivery to rMSCs. This indi-
cates that peptide 1 enhanced transgenic expression by means 
of targeting to rMSCs. This demonstrated the great potential of 
peptide 1 as a ligand in rMSCs targeting.  

 To further enhance the nuclear translocation effi ciency 
of SB transposon system, three-fold reiterated NLS motif 
(DPKKKRKVDPKKKRKVDPKKKRKV, peptide 2) of SV40 T 
large antigen was employed to promote the gene expression 
of LPD. [  19  ]  To investigate the effect of fused peptide, an LPD 
with a fusion peptide (DPKKKRKVDPKKKRKVDPKKKRKV-
VTAMEPGQ, peptide 3) from peptides 1 and 2 was compared 
to the LPD containing unfused peptides 1 and 2. The results 
showed that LPD with fusion peptide 3 did not demonstrate 
a better gene expression than sole peptide 1 or 2. This means 
that after fusion, peptides 1 and 2 did not produce an improved 
effect. However, LPD with both unfused peptides 1 and 2 inte-
grated could obtain the highest gene expression among all the 
peptides combinations. This indicates that a synergetic effect 
could be realized by encapsulating both peptides 1 and 2 in 
LPD. The fl uorescence microscopy results also confi rmed this 
synergetic effect (Figure  5 B). 

 The LPD with various combinations among the peptides 1, 
2, and 3 was then investigated for a higher transgenic effi ciency 
( Figure    6  A). The result showed that the combination of pep-
tides 1 and 2 was still better than the other two combinations. 
The effects of varying peptide/plasmid weight ratio on transfec-
tion effi ciencies into rMSCs were determined to ascertain an 
optimal dosage. Using a 3:1 peptide to plasmid ratio resulted in 
the best gene expression among all examined peptide/plasmid 
ratios (Figure  6 B). A decreased transfection effi ciency of LPD 
was observed at ratios higher or lower than the 3:1 of peptide/
plasmid ratio. It was therefore concluded that using a 3:1 pep-
tide/plasmid ratio was optimal for further use.  

 To verify the effect of peptides 1 and 2, the random peptide 
(GCVKYMVM, peptide 4) was utilized as a substitution and com-
bined with either peptide 1 or 2 in LPD for gene transfection. The 
results showed that compared to peptides 1 and 2, the random 
peptide did not increase any transfection effi ciency of LPD in 
rMSCs (Figure  6 C). After being combined with peptide 1 or 2, 
peptide 4 still did not result in an improved transfection effi ciency. 
It further confi rmed that there was a synergetic effect between 
peptides 1 and 2, i.e., between rMSC-homing and NLS peptide. 
These two peptides should be co-existing (but without forming 
fusion peptide) to maximize the transfection effi ciency of LPD. 

 A time course of gene expression was then performed for 
SB transposon system (made of pT2/EGFP and pSB11 at a 
mass ratio of 2:1) and pEGFP-N1 genes with expression levels 
measured up to 168 h (Figure  6 D). After 96 h, the transgenic 
expression level of SB transposon system in rMSCs reached its 
maximum, which was referred to as 100%. After 24 h, relatively 
low SB transposon system and pEGFP-N1 transfection rates of 
only about 50% of maximum of transposon transfection were 
observed. Transfection of pEGFP-N1 reached its maximum at 
72 h, which was only about 70% of the transposon system’s 
maximum, and with no further signifi cant increase seen at 
96 h. The transfection rates of pEGFP-N1 then decreased 
1175wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Transfection effi ciency of LPD in rMSCs. Lipofectamine 2000 was used as the control. 
A) EGFP expression after transfection by LPD with various peptides was examined by fl ow 
cytometry. LPD with both unfused peptides 1 and 2 integrated could obtain the highest gene 
expression among all peptides tested. Fusion peptide 3 (fused from peptides 1 and 2) did 
not display a better gene expression. The percentage of EGFP positive cells is shown as the 
mean  ±  standard deviation of triplicate measurements. ( ∗ ) indicates a statistically signifi cant 
difference ( p   <  0.05). B) Comparison of transfection expression of EGFP mediated by Lipo-
fectamine2000 (a), LPD (b), and LPD with peptide 1 (c), peptide 2 (d), peptide 3 (e), peptide 
1  +  2 (f) in rMSCs using the transposon containing EGFP reporter gene. Image 1 in (a–f) shows 
GFP expression and image 2 is the corresponding bright-fi eld light image. Scale bar: 100  μ m.  
signifi cantly to approximately 50% after 144 and 168 h. The 
transposon system did not show obvious decreases in transfec-
tion levels at 120, 144, and 168 h, which are all maintained at 
about 90% of the maximum.   

 2.6. Confocal Microscopy 

 For investigating the intracellular localization of LPD with or 
without NLS peptide, carboxyfl uorescein labeled DOPE was 
used to prepare liposome. The pDNA was labeled with rhod-
amine. The cells were scanned with a confocal fl uorescence 
microscope. It was revealed that after the cells were transfected 
with LPD containing the NLS peptide, rhodamine-labeled 
pDNA colocalized with the nuclei as indicated by white arrows 
in  Figure    7  A(d). However, LPD without the NLS peptide rarely 
translocated pDNA into the nuclei (Figure  7 B). This result 
indicates that the NLS peptide guides the nuclear translocation 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
of pDNA effi ciently. This effi cient transloca-
tion into the nucleus may be responsible for 
the high transfection effi ciency of LPD.    

 2.7. Cytotoxicity 

 In vitro cytotoxicity of various concentrations 
of LPD and Lipofectamine 2000 was investi-
gated with rMSCs after 12 h incubation at 37  ° C 
by MTT assay ( Figure    8  ). At Lipofectamine 
2000 concentrations over 40 mM, cell via-
bility was lower than 80%, indicating that it 
has obvious toxicity at these higher concen-
trations. Cell viability was slightly reduced at 
higher concentrations of LPD, but still higher 
than 80%. This fact demonstrates that LPDs 
with peptides show low cytotoxicity with good 
biocompatibility. Furthermore, there was no 
signifi cant difference in the toxicity of dif-
ferent formulation at all given concentrations 
( p   <  0.05).    

 2.8. Cell Differentiation 

 Osteogenesis of rMSCs after transfected by 
LPD was determined by the production of 
LPD after 14 days in an osteogenic medium. 
Osteopontin is a bone marker protein and its 
expression by osteoblasts differentiated from 
rMSCs was used as a marker to verify the 
osteoblastic differentiation of rMSCs. Similar 
to untransfected rMSC ( Figure    9  B) but unlike 
the undifferentiated control (Figure  9 C), 
LPD-transfected rMSCs (Figure  9 A) retained 
the ability of rMSCs to differentiate along the 
osteogenic lineage.     
 3. Discussion 

 MSCs are multipotent cells, which hold a tremendous promise 
for the construction and regeneration of tissues. However, 
MSCs by themselves have exhibited limited effi cacy in terms of 
tissue regeneration and differentiation to the desired cell types. 
Therefore, genetic engineering has been proposed as a method 
to enhance the effi cacy of MSC-based therapies. Genetic modi-
fi cation of stem cells by transposons to obtain sustained gene 
expression may further enhance their therapeutic effi cacy. 

 Sleeping Beauty (SB) is a Tc1/mariner-like transposon 
system, artifi cially reconstructed by site-directed mutagen-
esis from an inactive salmonid transposable element. [  20  ]  After 
expression in a cell, SB transposases bind to the SB inverted/
direct repeat elements (IRs/DRs) in a substrate-specifi c manner 
and induce transposition by a ‘‘cut-and-paste’’ mechanism, 
inserting a transposon into a new genomic location containing 
TA dinucleotides. [  20  ,  21  ]  Transposon integration occurs with little 
eim Adv. Funct. Mater. 2013, 23, 1172–1181
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     Figure  6 .     A) The EGFP expression level of LPD with different combinations of the peptides 1, 2, and 3. The combination of peptides 1 and 2 was 
superior to the other two combinations. B) The transfection effi ciency of LPD with the various peptide/plasmid weight ratios. LPD with peptide/plasmid 
ratio of 3:1 was optimal for gene expression. C) A control peptide (peptide 4) was utilized to verify the synergetic effect between peptides 1 and 2. 
Peptide 4 did not promote transfection of LPD neither solely nor combining with peptide 1 or 2. D) Percentage of EGFP positive cells in rMSCs after 
varying the duration of transgene expression. The highest transfection levels were observed at 96 h with the SB transposon system gene, which was 
set as 100%. SB transposon system maintained about 90% of its maximum after 168 h. However, pEGFP-N1 showed obvious decreases in transfection 
levels at that time. Each assay was shown as means  ±  standard deviation (n  =  3). ( ∗ ) Indicates a statistically signifi cant difference ( p   <  0.05).  
preference for the transcriptional status or genetic identity of 
the sequence into which the SB transposon integrates. [  21–24  ]  
Since its introduction, the SB transposon system has been 
tested in numerous model organisms to correct several genetic 
defi ciencies. [  25  ]  

 Although proof-of-principle studies using nonviral gene 
delivery have established the potential of SB-mediated insertion 
into the host genome for long-term gene correction, [  26  ]  the 
© 2013 WILEY-VCH Verlag G

     Figure  7 .     Subcellular distribution of LPD with and without NLS peptide 2
tively) was visualized by confocal microscopy in rMSCs. a: DAPI labeled nu
amine labeled pDNA (red); c: carboxyfl uorescein labeled liposome (green)
of a, b, and c. Guided with NLS peptide, LPD and rhodamine-labeled pDN
in the nuclei. However, without NLS peptide, LPD and pDNA rarely appea
Scale bar: 31.75  μ m. White arrows in A(d) are used to indicate that rhodam
colocalized with the nuclei.  

Adv. Funct. Mater. 2013, 23, 1172–1181
delivery is nonselective. Thus, an effi cient cell type-specifi c 
targeting system is desirable to fully investigate the potential 
of SB and other vertebrate transposon vector systems for gene 
therapy. 

 We constructed LPD for a targeted transposon delivery. 
This structure is advantageous in terms of integrating various 
functional devices for controlling intracellular traffi cking into 
one nanoparticle. The LPD was a nanoparticle formed solely 
mbH & Co. KGaA, Wein

 (A and B, respec-
clei (blue); b: rhod-
; d: merged images 
A could colocalize 

red into the nuclei. 
ine-labeled pDNA 
by charge-charge interactions, specifi cally, 
between preformed cationic liposomes, and 
an anionic complex of protamine, targeting 
peptides and anionic nucleic acids. First, the 
plasmid was condensed by protamine into a 
negatively charged compact core. The com-
plex should only contain the required amount 
of protamine that can provide suffi cient con-
centration but keep the complex negatively 
charged. Then, the complex interacted with 
the cationic liposome to form the LPD. Again, 
the LPD should only contain a slight excess 
of lipids that allow full coating of the complex 
with the cationic lipids. (Figure  3 ) 

 According to the result of zeta-potential 
measurement, protamine/pDNA particle 
at a 1:1 weight ratio had a negative poten-
tial. After being incorporated with DOTAP/
DOPE/Chol liposome, the zeta potential of 
particles was shifted to positive, which con-
fi rmed the formation of LPD (Table  2 ). The 
gel electrophoresis, which was consistent 
1177wileyonlinelibrary.comheim
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     Figure  8 .     MTT assay for evaluating cytotoxicity of LPD with various peptides at different lipo-
some concentrations. Lipofectamine 2000 was used as a control. The cell viability of samples 
with LPD with peptides at all liposome concentrations was higher than 80%. Lipofectamine 
2000 had obvious toxicity at concentrations over 40 mM. The concentration of liposome is 
denoted by the concentration of DOTAP in LPD. The data points represent the mean  ±  standard 
deviation of three experiments.  
with zeta potential measurement, also demonstrated the shift of 
zeta-potential (Supporting Information, Figure S1 and Figure S2). 
The highly positively charged surface of LPD (zeta potential 
 ≈ 20 mV) would favor the strong charge-charge interaction with the 
cells, which could increase the association with the cells during 
gene transfection. The diameter of LPD was approximately 200 nm, 
which would facilitate its endocytosis by cells (Figure  4 ). [  27  ]  

 Three rounds of consecutive phage display panning were 
conducted to select peptide ligands which can target rMSCs 
specifi cally. After panning, four peptide sequences were 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We

     Figure  9 .     Osteogenic differentiation assays of rMSCs. A) Differentiation of LPD-transfected r
untransfected rMSCs in an osteogenic medium. C) The undifferentiated rMSC was tested as a c
stain (blue); image 2 is GFP expression (green); image 3 shows immunofl uorescence staining
from images 1, 2, and 3. No differences in osteogenic differentiation were observed between tra
tion of both transfected and untransfected rMSCs was different from the undifferentiated contr
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identifi ed from randomly selected individual 
recombinant phages (Table  1 ). Based on the 
recovery effi ciency and phage capture ELISA 
results (Figure  1 ), we categorized the peptide 
VTAMEPGQ as the best binder to rMSCs 
under stringent conditions. rMSCs-affi nity 
assay showed that as the concentration of 
peptide increases, more FITC-labeled pep-
tide 1 was located in rMSCs, but neither high 
nor low concentrations of control peptide 4 
induced localization into rMSCs (Figure  2 A). 
Furthermore, the affi nity between dye-labeled 
peptide 1 and rMSCs was competitively 
inhibited in the presence of peptide 1. How-
ever, the affi nity of dye-labeled peptide 1 for 
rMSCs was not affected by control peptide 4 
(Figure  2 B). After the FITC-labeled peptide 
1 was interacted with two different control 
cells (rat fi broblastic cells and rat smooth 
muscle cells) separately, we found that pep-
tide 1 did not bind any of the two control 
cells (Figure  2 A(e,f)). These facts confi rm 
that peptide 1 has high targeting specifi city and affi nity against 
rMSCs. Thus, we selected peptide 1 as rMSCs-homing peptide 
candidate for the rest of our study. 

 The transfection experiment showed that transgenic activity 
of LPD could be promoted by either peptide 1 or 2. This 
indicates that peptide 1 could target to rMSCs and enhance 
the endocytosis of LPD mediated by receptor. The peptide 
2 could direct plasmid into the nuclei to improve the interac-
tion between the exogenous gene and the host genome. Pep-
tide 3 is fused from peptides 1 and 2 and did not display better 
inheim

MSCs in an osteogenic medium. B) Differentiation of 
ontrol. Image 1 in (A–C) shows cell nuclei using DAPI 

 of osteopontin-positive cells (red); image 4 is merged 
nsfected and untransfected rMSCs, but the differentia-
ol. Scale bar: 100  μ m.  
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action than the original sequences (Figure  5 ). It is assumed that 
the function of the two peptides might be degraded by steric 
hindrances after being fused together, thus resulting in their 
inactivity. 

 After being combined with both unfused peptides 1 and 2, 
LPD mediated a higher gene expression. It was suggested that 
LPD could fi rstly home to and enter the rMSCs by means of 
peptide 1, and then, be guided by peptide 2 to translocate into 
the nuclei and achieve effi cient gene delivery. The two peptides 
executed their actions at the right space and time, resulting in a 
synergetic effect. Other combinations of the three peptides did 
not show the optimal transfection action as shown by peptides 
1 and 2 (Figure  6 A). 

 To verify the synergetic effect of peptides 1 and 2, one of 
them was replaced with the control peptide 4 for the combi-
nation. The control peptide 4 did not possess any function to 
improve transfection. Moreover, the peptide 4 also could not 
execute a synergetic effect with either peptide 1 or 2 (Figure  6 C). 
This demonstrates that peptides 1 and 2 could assist each other 
exclusively to achieve optimal transgenic action. 

 It was shown that the optimal transgenic action can be com-
pleted at a 3:1 peptide plasmid ratio (Figure  6 B). This suggests 
that a lower quantity of peptide could not execute its function 
to target the cell and nucleus effi ciently. Additionally, when 
the quantity of the peptide is too high, its receptor might be 
blocked, resulting in a depressed targeting transposition. This 
phenomenon is the so-called “excess inhibition” of receptors. 

 Confi rmation of the delivery of transposon into the nuclei by 
LPD was supported by confocal microscopy. This result showed 
that LPD with peptides 1 and 2 can accumulate into nucleus 
effi ciently (Figure  7 ) but when LPD was modifi ed with only pep-
tide 1, the plasmid failed to translocate into the nucleus. This 
fact suggests that the NLS peptide contributes to the effi cient 
nuclear localization of the complexes. The nuclear localiza-
tion is very important for transposon transfection. Since trans-
posons do not have the transducing abilities of viral vectors, it 
is necessary to devise a method to deliver this plasmid-based 
system into cells effi ciently. The transposition rate is critically 
dependent on the effi ciency of uptake of the plasmids into the 
cell nuclei. After being guided into the nucleus by NLS, trans-
poson had a high opportunity to integrate into host genome, 
causing a greatly increased transfection effi ciency. 

 One of the major barriers of nonviral gene delivery is the 
transient nature of gene expression. Therefore, stable genomic 
integration is a particularly attractive feature to enable stable 
transduction of dividing target cells, especially for stem cells, 
and their differentiated progeny. We performed a time course 
of gene expression levels using transposon. The levels of gene 
expression were examined up to 168 h both from pEGFP-N1 
and transposon in rMSCs. For the pEGFP-N1, a gradually 
reduced expression level was observed after 96 h. However, the 
transposon maintained 90% of its maximum transfection even 
after 168 h, which appeared to increase the duration of gene 
expression. The transgenic activity of transposon was also supe-
rior to the pEGFP-N1 as 1.43 times (Figure  6 D). This suggested 
that the expression of the SB transposase gene on transposition 
rates will trigger the activity of SB transposon to increase inser-
tion rates of transgenes into cellular chromosomes. [  28  ]  Thus, 
the transposon system could yield unprecedented stable and 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1172–1181
durative gene transfer effi ciencies that compare favorably to the 
stable transduction effi ciencies of integrating viral vectors. [  29  ,  30  ]  
This system is expected to facilitate widespread applications in 
functional genomics and gene therapy. 

 It was shown that LPD was relatively safer than Lipofectamine 
2000. No notable toxicity was observed for LPD among any of 
the given concentrations. This might result from the biocom-
patibility of liposomes and peptides (Figure  8 ). LPD was found 
to have no negative effect on the differentiation potential of 
rMSCs. Cells transfected with the LPD were able to differen-
tiate into the osteogenic lineage as were the untransfected cells 
(Figure  9 ). Thus, LPD with various peptides was regarded as a 
safe gene delivery system. Furthermore, it can be utilized over a 
larger range of dosages. Accordingly, LPD is a promising gene 
carrier without any signifi cant adverse effects on the rMSCs.   

 4. Conclusions 

 We identifi ed an rMSC-targeting peptide by phage display. 
A liposome protamine/DNA lipoplex (LPD) was constructed 
by combining the targeting peptide and a nuclear localization 
signal (NLS) peptide with a Sleeping Beauty transposon delivery 
system. Our results show that the selected peptide can improve 
the transfection effi ciency due to its rMSC-targeting property. 
The rMSC transfections mediated by LPD with the targeting 
peptide and NLS peptide were much more effi cient than those 
mediated by the randomly chosen control peptide. We also 
found that the targeting peptide and NLS peptide could have 
a synergetic effect to promote effi cient and lasting transfection 
expression of transposon. Furthermore, LPD neither showed 
apparent cytotoxicity nor disturbed the osteogenic differentia-
tion of rMSCs. Therefore, a liposome-based nanoparticle com-
bined with NLS and rMSC-homing peptide was developed for 
targeted delivery of the transposon system to rMSCs, yielding 
stable and durative gene transfer effi ciency, making it a prom-
ising gene carrier for future applications.   

 5. Experimental Section 
  Plasmid Development : The original SB transposon pT2/SVNeo and 

transposase pSB11 were a gift from Dr. Perry B. Hackett (University of 
Minnesota). The neomycin resistance gene in pT2/SVNeo was converted 
into the EGFP gene by restriction digestion with  Bcl  I and  BstB  I (New 
England Biolabs, Inc. MA, USA). The fragment excised by the two restriction 
enzymes from pT2/SVNeo plasmids was discarded and replaced by a 
PCR fragment of pEGFP-N1 with a similar restriction digestion. The 
sequence of primer 1 is GCGGTGATCATATGGTGAGCAAGGGC; the 
primer 2 is GCGGTTCGAACTTTACTTGTACAGCT. After the appropriate 
fragments were gel purifi ed and recovered, the EGFP fragment was 
cloned by ligation into the pT2/SVNeo, giving rise to pT2/EGFP 
constructs. pT2/EGFP and pSB11 plasmid were purifi ed using the 
EndoFree Plasmid Max Kit (Qiagen, CA, USA). Rhodamine-labeling for 
pDNA was performed using a ITTM-Rhodamine labeling kit (Mirus, 
Madison, WI, USA) according to the manufacturer’s protocol. 

  Phage Display Panning : The phage display screening procedure 
followed the previous protocol with a slight modifi cation. [  31  ]  We used 
a major coat displayed phage library, called landscape phage library, to 
conduct the biopanning. This library contains billions of fd-tet phage 
clones and in each phage clone the foreign peptide is displayed on the 
N-terminal end of each copy of major coat protein of fd-tet phage. Briefl y, 
1179wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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the landscape phage library was fi rst depleted with culture fl ask at 37  ° C 
for 1 h to remove the phages that specifi cally bound to the culture fl ask. 
The depleted phage library was incubated with target rMSCs at room 
temperature for 1 h. The rMSCs were washed 10 times with bovine serum 
albumin (BSA)/Tween washing buffer to remove the unbound phages. 
The cell bound phages were eluted with low pH elution buffer (0.1N HCl, 
1 mg/mL BSA and pH adjusted to 2.2 with glycine) for 10 min. The eluate 
was neutralized by 1 M Tris-HCl (pH  =  9.1) immediately. The fi rst-round 
eluate was concentrated by using a Centricon 100 kDa Ultrafi lter (Amicon, 
USA). The concentrated eluate was transfected to the starved cells and 
incubated for 15 min at room temperature. The phage-infected cells 
were added to NZY medium with tetracycline (0.2  μ g/mL) and incubated 
for 45 min at 37  ° C with shaking. The tetracycline concentration was 
increased to 20  μ g/mL, and the shaking of the fl ask was continued for 24 h 
at 37  ° C. The rMSC-internalized phage clones were recovered using the 
cell lysis buffer (2% sodium deoxycholate, 10 mM Tris-HCl, 2 mM EDTA, 
pH 8.0). The cells were centrifuged at 130 g for 10 min. The supernatant 
was removed and the cell lysis buffer was added to the pellet. The phages 
were used for amplifi cation and further selection as stated above. The 
purifi ed phage after each round was used as an input library for the 
next round of selection, which proceeded similarly to the fi rst round as 
described above. After the third round of the selection, the eluted phages 
were titrated and 40 random colonies were picked up for sequencing in 
order to determine the sequence of rMSC-binding peptides. 

  Binding Assessment by Phage Capture ELISA : The binding ability and 
specifi city of the selected phages to rMSCs were measured by enzyme 
linked immunosorbent assay (ELISA). Confl uent cells in 24-well plate 
(Corning Inc., MA, USA) were fi xed by 4% paraformaldehyde (Sigma-
Aldrich Co. LLC, USA) for 15 min, blocked with 0.1% BSA for 1 h at 
room temperature, and washed three times with PBS. Subsequently, 2  ×  
10 9  cfu purifi ed phages in blocking buffer were added and incubated for 
1 h at room temperature. The plate was subsequently washed three times 
with PBS containing 0.5% Tween 20, and washed another three times 
with PBS. This was followed by incubation with anti-fd bacteriophage 
IgG conjugated with alkaline phosphatase (Abcam, MA, USA) for 1 h 
at room temperature. After a fi nal washing step, alkaline phosphatase 
substrate, p-nitrophenyl phosphate, was added to the wells and the 
absorbance was measured at 405 nm using a plate reader (Gen5, BioTek 
Instruments, Inc. USA). 

  Peptide-Affi nity Assay : The peptide-affi nity assay was performed 
according to the method mentioned previously with minor modi-
fi cations. [  32  ,  33  ]  The cells were cultured until 70–90% confl uence, and then 
incubated with 1 and 10  μ M FITC-labeled peptide 1 or 4 for 4 h at 37  ° C 
to allow cell binding. The cells were fi xed with 4% paraformaldehyde for 
30 min at 4  ° C. The rat fi broblastic cells and rat smooth muscle cells 
were used as control cells. They were incubated with 10  μ M FITC-labeled 
peptide 1 for 4 h at 37  ° C to investigate the specifi city of peptide 1. The 
nuclei were then counterstained with DAPI. The cells were observed 
under a Nikon fl uorescence microscope. 

  Competitive Binding Using Synthetic Peptide : For specifi c competitive 
blocking of peptide, rMSCs (Invitrogen, USA) were cultured with peptide 
1 or control peptide 4 (GCVKYMVM) without FITC at a concentration of 
10  μ M for 2 h. After incubation, 10  μ M of FITC-labeled peptide 1 was 
added and incubated for another 4 h. Then the cells were then examined 
by fl uorescence microscopy. 

  The Preparation and Physico-Chemical Properties of Liposome Protamine/
DNA Lipoplexes (LPD) : LPD was prepared according to the method 
reported previously with some modifi cations. [  17  ,  18  ,  34  ]  First, the liposomes 
consisting of DOTAP, DOPE and cholesterol (1:1:1 molar ratio) (Avanti 
Polar Lipids, Inc. USA) were prepared by thin fi lm hydration. Second, 
protamine (0.5 mg/mL) (Sigma-Aldrich Co. LLC, USA), various peptides 
(0.5 mg/mL), and the Sleeping Beauty system (pDNA, a mixture of 
transposon and transposase gene at a mass ratio of 2:1) were mixed 
at various weight ratios. The resultant protamine/pDNA complex was 
allowed to stand at room temperature for 20 min. The above liposome 
was then added into the protamine/pDNA complex followed by vortexing. 
The resultant mixture was kept at room temperature for another 20 min 
to form LPD. 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 Protamine/pDNA particles were prepared at different weight ratios, 
and LPD was prepared with various liposome and peptide concentrations. 
The samples were electrophoresed on a 0.8% (w/v) agarose gel in TAE 
buffer at 90 V for 40 min, and analyzed on a UV illuminator to show the 
location of the DNA. 

 The size and zeta-potential values of protamine/pDNA particles and 
LPD were determined by dynamic light scattering (DLS) (Zeta Potential 
Analyzer, Brook haven Instruments Corporation, Holtsville, NY). The 
fi nal concentration of pDNA was 20  μ g/mL in HEPES buffer for assay. 

 The morphology of LPD was observed using TEM (Carl Zeiss, 
Germany). One drop of LPD was placed on a copper grid and stained 
with 2% uranyl acetate for 3 min. The grid was allowed to dry further for 
20 min and then examined with the electron microscope. 

  Transfection Effi ciency : For the transfection experiments, rMSCs 
were seeded in the 24-well plate at a density of 1  ×  10 5  cells/well and 
incubated overnight. The pDNA was made of a mixture of transposon 
pT2/EGFP and transposase pSB11 with a mass ratio of 2:1 as described 
in an earlier report. [  35  ]  The LPD with various peptides in low glucose 
DMEM was added, and Lipofectamine2000 (Invitrogen, USA) was used 
as a control. The cells were incubated for 4 h at 37  ° C. The transfection 
medium was then replaced with a fresh culture medium and the cells 
were further incubated for up to 72 h. Inverted fl uorescent microscopy 
was also used to observe the GFP expression. The transfected cells was 
digested by trypsin and fi xed in a 4% paraformaldehyde for 30 min at 4  ° C
 to prepare single-cell suspensions. The percentage of cells positive for 
GFP was determined by fl ow cytometry (Becton-Dickinson Biosciences, 
Franklin Lakes, NJ, USA) by setting a gate according to the control and 
10 000 cells were evaluated in each experiment. 

  Confocal Microscopy : For confocal microscopy, LPD was prepared 
by carboxyfl uorescein-labeled DOPE (Avanti Polar Lipids, Inc. USA), 
and the pDNA was labeled with rhodamine as mentioned above. The 
rMSCs were grown on glass cover slips in 12-well plates and incubated 
at 37  ° C for a day. The cells were then transfected by labeled LPD and 
pDNA complexes. The cells were then incubated for 4 h at 37  ° C. The 
transfection medium was then replaced with a fresh medium. After 5 h, 
the cells were fi xed with 4% paraformaldehyde for 30 min. To stain the 
cell nuclei, the cells were incubated with DAPI for 30 min at 4  ° C, and 
then the cover slips were mounted on glass slides. The fl uorescence was 
examined with a confocal laser scanning microscope (Leica TCS NT, 
Germany). 

  Cytotoxicity Assay : Cytotoxicity of LPD was assayed using MTT 
reagent. Briefl y, rMSCs were seeded at 10 000 cells per well in 96-well 
plates. One day later, the cells were transfected by LPD with various 
peptides at different liposome concentration. The Lipofectamine 2000 
was used as the control. The cells were incubated for another 12 h at 
37  ° C. The medium was replaced with 80  μ L of fresh medium without 
serum and 20  μ L of MTT (5 mg/mL) (Sigma-Aldrich Co. LLC, USA) 
solution, and incubated for an additional 4 h. Subsequently, the 
medium was removed and 100  μ L of dimethyl sulfoxide (DMSO) was 
added. The absorbance at 570 nm was measured by using a microplate 
reader.  

 Osteogenesis Assay : 1  ×  10 5  transfected or untransfected MSCs/well 
were seeded in a 24-well plate in triplicate. After 24 h, medium was 
removed and 500  μ L of HyClone osteogenic differentiation medium 
(Thermo Fisher Scientifi c Inc., USA) was added. Medium was changed 
every 3 days. Cultures were harvested at day 14. To analyze osteopontin 
expression, cells were fi xed with 4% paraformaldehyde. Cells were 
saturated with 5% BSA for 30 min. 300  μ L of anti-osteopontin antibody 
(ab 8448-200, Abcam, MA, USA), which was diluted 1:300 in phosphate 
buffered saline (PBS) containing 5% BSA, was added and incubated 
overnight at 4  ° C. The cells were then washed with PBS/5% BSA and 
incubated with a secondary, tetramethylrhodamine goat anti-rabbit 
IgG (H + C) (Molecular probes, Invitrogen, USA) for 60 min at room 
temperature. The nuclei were stained by DAPI. The cells were observed 
with a fl uorescence microscope. 

  Statistics Analysis : For statistical analysis, one-way analysis of variance 
(ANOVA) was carried out by SPSS 11 software, and a  p  values  <  0.05 
were considered statistically signifi cant.   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1172–1181
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