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Introduction
An enormous challenge against the therapeutic 
methods of gene therapy is finding of a suitable vector 
to transfer the DNA or RNA to the target cells. All the 
necessary features for a vector have not been supported 
by the recently introduced carriers. A suitable vector 
should supply a high degree of transfection in a long 
period of time without leading to systemic toxicity and 
immunogenicity.1,2 Many efforts have been made to select 
a proper choice among a variety of biological and non-
biological vectors such as viruses (retroviruse, herpes 
simplex viruses, and adenoviruses) and non-viral vectors 
including dendrimers, cationic lipids and polymers.

 Despite the high transfection activity of viral vectors, 
their damage to the host genes, immune system stimulation 
and potential of infection limit their application in gene 

therapy.3 However, the tendency to synthetic vectors has 
been increased but the main obstacle with these kinds of a 
vector is the low efficiency of transfection.4 Many studies 
have concentrated on improving of the transfection of 
non-viral vectors with minimal toxicity. Cationic polymers 
and lipids are largely considered in the recent researches 
because of their merits in gene delivery.5 Cationic polymers 
with their high positive charge can interact with negatively 
charged DNA. The formed electrostatic bindings lead to 
condensed nanoparticles which are able to penetrate the 
target cells.6 

 Polyethyleneimine (PEI) has indicated a high efficiency 
in gene delivery.7 Existence of the tertiary amines in the 
structure of polymer leads to high buffering capacity 
which is highly effective in endosomal escape and access 
to the nucleus.8 The other polymer is poly L-lysine which 
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Abstract
Introduction: Cationic polymers have the potential to 
be modified to achieve an ideal gene vector lacking 
viral vector defects. The aim of the present study 
was to improve polyallylamine (PAA) transfection 
efficiency and to reduce cytotoxicity by incorporating 
of cell-penetrating peptides (CPPs). 
Methods: To prepare the peptide-based polyplexes, 
PAA (15 kDa) was modified with 2 peptides (TAT 
and CyLoP-1) by covering the 0.5% and 1% of amines. 
Buffer capacity and DNA condensation ability of 
modified polymer, particle size and zeta potential of 
nanoparticles, cell viability, and transfection activity of vectors were evaluated. 
Results: In low carrier to plasmid (C/P) weight ratios such as 0.5 and 1, the unmodified polymer 
was more capable to condense the DNA compared to the synthesized vectors. In C/P ratio of 2, 
the plasmid was fully condensed in all vectors. The size of polyplexes ranged from 195 to 240 nm. 
The zeta potential was almost as the same as PAA and varied from 25 to 27 mV. All polyplexes 
increased the buffer capacity compared to PAA. The transfection efficiency was improved 
compared to unmodified polymer especially in the vectors modified with 1% of TAT or CyLoP-1 
peptides in C/P ratio of 2. The cytotoxicity of prepared vectors was less than PAA. In most ratios, 
the cytotoxicity of the CyLoP-1 modified samples was less than the TAT modified ones. 
Conclusion: Modification of PAA with CPPs improved the transfection activity of vector.
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and stored at 4°C.

Buffering capacity
To compare this capability between PAA and the synthetic 
vectors, acid-base titration was used. The solutions of the 
samples (PAA and peptide modified PAA) were prepared 
in the concentration of 0.4 µg/µL. Thereafter, the initial pH 
of solutions was approximately set in 12 by adding NaOH 
1 N. Then, 5 µL aliquots of 1M HCl were subsequently 
added until the pH was reduced to 2. Then, the trend of 
pH changes in the range of 2-12 was recorded in each step. 

Gel retardation assay
To test the condensation ability of modified polymer, 
we applied the gel retardation assay. The samples were 
prepared in C/P ratios of 0.5, 1 and 2. The Green viewer 
Dye was added to each sample and electrophoresed on 
agarose gel 1% at 100 mV for 30 minutes in the prepared 
buffer (EDTA, Tris base, boric acid). The bands were 
visualized under a UV transilluminator at wavelength of 
254 nm.

Preparation of nanoparticles
For the preparation of nanoparticles, different amounts 
of the modified PAA were separately diluted into HEPES 
buffered glucose solution (20 mM HEPES in 5% aqueous 
glucose solution). This solution was mixed with pDNA 
at different carrier to pDNA weight ratios (C/P) ranging 
from 0.5:1 to 2:1. The mixture was incubated at room 
temperature for 30 minutes before use.

Determination of size and zeta potential of nanoparticles
Mean size and zeta potential were measured by Zetasizer 
(Malvern, UK) at C/P ratio of 2. The sample of plasmid 
was prepared in HBG buffer. The polymer solution was 
slowly added to plasmid solution and placed in room 
temperature for 20 minutes to form the polyplexes. Then, 
size and zeta potential were recorded after a suitable 
dilution with deionized water.

In vitro transfection efficiency
Neuro2A cells were seeded in a 96-well plate at the 
concentration of 104 cells per well and incubated for 24 
hours. The polyplexes were prepared in three C/P ratios 
of 0.5, 1 and 2. The complexes were added to the cells in 
serum free-medium for 4 hours and then this medium 
was replaced with the fresh serum-containing DMEM 
medium. After changing the medium, the incubation 
continued for another 18 hours. Finally, after removing 
the medium, the lysis buffer was added to each well. After 
30 minutes, the fluorescence intensity of green fluorescent 
protein (GFP) was measured at 498 nm (excitation 
wavelength) and 535 nm (emission wavelength).

 The green fluorescence intensities of cells were qualified 
using fluorescence microscopy, the images were acquired 
with a fluorescence microscope (Hund, Germany) 
equipped with a 60× objective lens, Scale bar: 20 μm with 
the exposure time of 1/15 seconds.

is biodegradable because of its peptide-like structure.9 
The high molecular weight of this polymer has indicated 
high transfection efficiency and cellular toxicity.3 
Polyallylamine (PAA) is the other cationic polymer 
with a high density of the primary amines helping to 
condense the plasmid effectively. In spite of the effective 
DNA condensation, considerable cytotoxicity due to 
high positive charge and lack of buffering capacity makes 
this cationic polymer unsuitable for the gene therapy.10,11 
To improve the properties of non-viral vectors, many 
techniques are applied to overcome the cellular barriers. 
One of these methods is the application of cell-penetrating 
peptides (CPPs).12 These peptides are capable to transfer 
macromolecules to the cytoplasm and nucleus.13 The aim 
of the present study was to improve the PAA transfection 
activity through binding of two kinds of CPPs to the 
primary amine groups of the polymer.

Materials and Methods 
Materials
PAA with the molecular weight of 15 kDa was ordered 
from Polyscience Inc (USA) and TAT (YGRKKRRQRRR) 
and CyLoP-1 (CRWRWKCCKK) peptides were purchased 
from Pepmic (China). Neuro2A (murine neuroblastoma) 
cells (ATCC CCL-131) were maintained in Dulbecco's 
Modified Eagle's Medium (DMEM) supplemented with 
fetal bovine serum (10%), streptomycin (100 μg/mL), and 
penicillin (100 U/ mL). The cells were incubated under 
5% CO2 at 37°C. 1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) 
were obtained from Sigma-Aldrich (USA). GFP encoding 
plasmid DNA was ordered from Promega (USA).

Preparation of modified PAA with TAT peptide
Initially, the aqueous solution of polymer was prepared. 
The peptide solutions were also produced according to 
peptide-type and coverage percentage by diluting the 
estimated volumes of peptide solutions with the deionized 
water. However, the carboxylic group of peptides should 
be activated to interact with the primary amines of the 
polymer to cover the 0.5 and 1% of them so two reagents 
of EDC and NHS were added to both solutions of TAT 
and CyLoP-1 peptides being prepared in four different 
concentrations. The mixtures were incubated at 25°C for 
30 min under stirring with the speed of 120 rpm. After 30 
minutes, the mixtures were slowly added to the polymer 
solution. Thereafter, this solution containing peptide and 
polymer were placed on shaker-incubator with the speed 
of 120 rpm under the temperature of 25°C for 20 minutes. 
Finally, 4 different vectors were synthesized to test their 
ability as a capable gene carrier. 

Purification of modified polymer
To purify the modified polymer, the final solutions were 
dialyzed in dialysis tubing (molecular weight cut off 12 
kDa) for 3 days at 25°C in the dark against the deionized 
water. The water exchange was done after 3, 24, 48 and 72 
hours. After dialysis, the frozen samples were lyophilized 
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Cytotoxicity evaluation
The toxicity of polyplexes was evaluated by MTT assay. 
Cells were treated as described in the transfection 
experiment. After 18 hours of incubation, 20 µL of MTT 
indicator was added to each well. After 2 hours incubation 
in the temperature of 37°C, the formazan crystals were 
dissolved in 100 µL of DMSO. The color intensity of 
the samples was recorded at wavelength of 540 nm by a 
plate reader (BioTek, USA). Cell viability was expressed 
as the percentage of living cells compared to untreated 
cells with 100% viability. Transfection and MTT assays 
were performed by adding 10 µL of polyplex solution (the 
equivalent of 200 ng pDNA) to the wells of 96-well plates.

Statistical analysis
The data analysis was performed by Tukey-Kramer test 
using InStat software (version 3.1) with P value < .05 as 
the level of significance.

Results
DNA condensation
The electrostatic interaction between the phosphate 
groups of DNA and positive charge of polymer results in 
polyplex formation. According to gel retardation images, 
the condensation ability of the vectors in C/P 0.5 was 
the same as PAA except for the PAA-TAT-1%. In C/P 1, 
this ability slightly reduced in PAA-TAT-0.5% and PAA-
CyLop1-1%. In C/P 2, all the vectors condensed the DNA 
completely (Fig. 1).

Buffering capacity
The aim of this experiment is the evaluation of the 

endosomal rupture by the vectors. In all four peptide-
modified samples, the buffering capacity has increased 
compared to PAA 15 KDa (Figs. 2 and 3).

Particle size and surface charge
The particle size of the samples was in the range of 194-
240 nm (Table 1). Size of nanoparticles composed of 
unmodified PAA was under 200 nm. In PAA-TAT1% 
and PAA-CyLop1-1%, the size significantly increased 
compared to PAA. However, the vectors with 0.5% 
coverage of amines in both peptides had the similar size 
with PAA. The zeta potential of synthetic vectors was the 
same as PAA and the surface charge ranged from 25 to 27 
mV.

In vitro transfection assay
To evaluate the transfection ability, the amount of GFP 
expression was measured in Neuro2a cells in three C/P 
ratios of 0.5, 1 and 2 (Fig. 4). The transfection activity 
of prepared vectors improved compared to unmodified 
PAA in all vectors except for the PAA-0.5%TAT and PAA-
0.5%CyLoP-1 in C/P ratio of 2. The gene expression by 
2 vectors of PAA-1%TAT and PAA-1%CyLoP-1 was 
more than the gold standard of gene transfer, PEI 25 
kDa. The transfection improvement was significantly 
more in PAA-1%TAT compared to PEI 25 kDa (P < .05). 
The transfection efficiency reduced in vectors with 0.5% 
coverage of amines in C/P ratio of 2. Regarding the effect 
of C/P in transfection activity, there was no significant 
difference between the C/P ratio of 0.5 and 1 in case of 

Table 1. Size and zeta potential of PAA/DNA, PAA-TAT/DNA and PAA-CyLoP-1/DNA

Vector type Z-Average (nm) PDI Zeta potential (mV)

PAA 15kD 197.5 ± 7.74 0.44 25.1 ± 0.5

PAA-0.5%TAT 195.2 ± 1.6 0.39 27.3 ± 0.6

PAA-1%TAT 236.4 ± 8.1 0.49 25.5 ± 2.5

PAA-0.5%CyLoP-1 200.1 ± 8.0 0.48 24.8 ± 2.7

PAA-1%CyLoP-1 229.2 ± 13.4 0.53 25.1 ± 0.6
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Figure 1. Gel retardation assay of PAA/pDNA, PAA-TAT/pDNA 
and PAA-CyLoP-1/pDNA complexes prepared in three C/P of 0.5, 
1 and 2. Polymer was modified by CPPs at 0.5% and 1%.
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Figure 2.  
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Figure 2. Comparison of buffering capacity of PAA and TAT 
modified samples. Polymer was modified by TAT peptide at 0.5 
and 1%.
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PAA-1%TAT and PAA-1%CyLoP-1. However, the gene 
expression in C/P ratio 2 was significantly more than the 
other C/P ratios. The transfection efficiency in PAA-0.5% 
TAT and PAA-0.5% CyLoP-1in C/P 2 was less than the 
other C/P ratios. In fact, in C/P ratio of 2, the increase in 
the concentration of the peptides resulted in transfection 
improvement. In order to visualize the transfection 
results of vectors, the green fluorescent of Neuro2A cells 
expressing EGFP protein was provided in Fig. 5.

MTT assay
The cytotoxicity of polyplexes was examined by the 
MTT assay. The color intensity has a correlation with the 
living cell number. In most groups, the viability had no 
correlation with C/P ratio increase (Fig. 6). In most C/P 
ratios, the cell viability was 60%-80%. In general, the cell 
toxicity in synthetic vectors compared to unmodified 
PAA reduced in most vectors with similar C/P ratios. In 
PAA-0.5% CyLoP-1 (C/P 1 and 2) and PAA-1%CyLoP-1 

(C/P 0.5 and 2), the cell viability was above 90%. The cell 
toxicity in CyLoP-1 modified samples was less than TAT 
modified ones in most C/P ratios. 

Discussion 
In recent decades, the viral vectors have indicated high 
efficiency in gene delivery. However, due to pathogenicity, 
immunogenicity and low loading capacity, the 
investigations about the non-viral systems have begun.14,15 
The major obstacle in the application of non-viral vectors 
is low transfection with high cytotoxicity.16 

PAA as a non-viral vector is not known very well. This 
polymer contains the high density of the primary amines.17 
In a comparative study, among the cationic polymers, 
PDMEM (polydimethylaminoethylmethacrylate), 
PLL (poly-L-lysine), PAA, PVA (polyvinylamine) 
and PTMAEM (poly-(N,N,N-trimethylammonio)
ethylmethacrylate), the PAA was one of the most efficient 
vectors in gene transfection.18 The substitution of the 
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Figure 3. Comparison of buffering capacity of PAA and CyLoP-1 modified samples. Polymer was modified by CyLoP-1 peptide at 0.5 
and 1%.

Figure 4. Transfection efficiency of polyplexes in N2A cells in 3 C/P ratios of 0.5, 1 and 2 (mean ± SD, n = 3, *** P < .001, ** P < .01, * P < 
.05 comparison between synthetic vectors and unmodified PAA in identical C/P ratios) (××× P < .001 comparison between synthetic vectors 
and PEI 25 kDa).
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amine groups in this polymer may help to acquire a 
suitable gene carrier.19 In 2 different studies, glycosylation 
and dextran substitution have improved the transfection 
in this polymer.11,17 Also, the nanoparticles composed of 
PAA and imidazolyl group crosslinking with PEG also 
indicated an increase in transfection.19 Application of 
non-viral vectors is limited by weak endosomal escape and 
nuclear delivery.16 In recent years, several peptide-based 
systems to overcome these obstacles have been proposed.20 
In this study, we tried to bind two kinds of CPPs to PAA 15 
kDa to improve the transfection efficiency and reduce the 
cytotoxicity of the vector. 

 CPPs are polypeptides with less than 30 amino acids 
mediating the cellular uptake by energy-dependent 
endocytosis and energy independent direct penetration.21,22 
TAT peptide is one of the most known CPPs interacting 
with the cell membrane due to its positive charge.23 This 
peptide is derived from the transduction domain of HIV1 
TAT protein having several Arg and Lys in its sequence 
making it so cationic.24,25 To evaluate the effect of TAT 
incorporation with other gene vectors, TAT peptide could 

transfer the proteins with the weight of more than 100 
KD, 40 nm particles and 200 nm liposomes into cells.26 
CyLoP-1, a cysteine rich peptide, also provides the 
intracellular access for the macromolecules.27

 In this study, four vectors of PAA-0.5%TAT, PAA-
1%TAT, PAA-0.5%CyLoP-1 and PAA-1%CyLoP-1 were 
synthesized which IR and NMR spectrums confirmed the 
accuracy of the synthesis reaction (data not shown). The gel 
retardation assay revealed that in most synthetic vectors, 
the condensation ability reduced compared to unmodified 
polymer in C/P ratios of 0.5 and 1 which can be the result 
of the amine group coverage. The other reason could be the 
reduction of amines charge due to pH increase because the 
cationic polymers interact with pDNA in a pH-dependent 
manner.28 In C/P 2, all the vectors completely condense 
the pDNA. Probably, a suitable balance between the 
charge of amine groups and peptides should be exhibited 
to get an appropriate condensation. The slight reduction 
in plasmid condensation can be useful since the strong 
connection may prevent the cytoplasmic release. Hu et al 
in a study on Man-PEI 1800 kD-CPP showed the amine 
substitution with mannose resulted in charge reduction 
to interact with the plasmid.29 The major obstacle to the 
efficient gene delivery is the plasmid degradation in the 
endosomal compartment. The titration graphs indicated 
the buffering capacity increase in all synthetic vectors. 
The positive charge of particles may interact with the 
negative charge membrane resulting in the endosomal 
membrane lysis.30 In CyLoP-1 peptide, the hydrophobicity 
of the tryptophans resulted in the endosomal membrane 
lysis.27 In a study of Rudolph et al, Arg-rich oligomers of 
TAT promoted the cellular uptake of the particle through 
the endosomal pathway.31 Furthermore, Rahmat et al in 
2012 pointed out the TAT role in zeta potential increase 
and endosomal lysis.30 

 Size and surface charge are 2 essential factors affecting 

Figure 6. Comparison of cell viability between unexposed cells and vector- treated cells in cell line of Neuro2A (mean ± SD, n = 3, *** 
P < .001, ** P < .01, * P < .05 comparison between polyplexes and control group).

Fig. 5. Expression of green fluorescent protein in Neuro-2a cells 
transfected with polyplexes prepared from an EGFP expressing 
plasmid DNA and (A) PEI 25 kDa C/P 2 or (B) PAA-1%-TAT C/P 2 
that were most active in the transfection study.
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the mechanism of entry. Recently, several internalization 
mechanisms are introduced by CPPs.32 The size average 
of PAA was below 200 nm. In PAA-1%TAT and PAA-
1%CyLoP-1, the particle size significantly increased. The 
size range of polyplexes was between 194-240 nm. The zeta 
potential was the same as PAA due to low concentration 
of peptides ranging from 25 to 27 mV. The size increase 
might happen in 1% coverage of amines due to repulsive 
electrostatic force of polymer and peptides.11 The suggested 
internalization mechanisms by the CPPs are categorized 
into 2 groups; endocytosis and direct penetration.22 In 
transfection experiment, polymer modification by the 
peptides resulted in transfection improvement in C/P 
0.5 and 1 compared to PAA in same C/P ratios. The 
transfection efficiency in PAA-1%CyLoP-1 was almost the 
same as PEI 25KD and in PAA-1%TAT was significantly 
higher than PEI25KD. The reason of this improvement 
can be the suitable size and cationic charge for interaction 
with the cell membrane. TAT peptide has a high affinity 
to the heparan sulfate of the cell membrane and also 
stimulates the receptor dependent endocytosis.30,33 TAT 
peptide acts as a transduction domain and nucleus 
localization signal34 so probably can transfer the polyplexes 
into cells and nucleus efficiently. CyLoP-1 peptide also can 
interact with the membrane and the tryptophans resulted 
in the membrane instability27. In C/P 2 in vectors with 
0.5% coverage of amines, the transfection rate reduced 
compared to PAA so the concentration increase of the 
peptides resulted in transfection improvement. Recently, 
several internalization mechanisms for TAT peptide are 
suggested such as lipid-raft mediated macropinocytosis, 
caveolae mediated endocytosis and clathrin-dependent 
endocytosis.35-37 In PAA-TAT and PAA-CyLoP-1 vectors, 
the polyplexe may enter the cell by clathrin-dependent 
endocytosis and direct penetration. In lower C/P ratios of 
0.5 and 1, the CyLoP-1 peptide acted more successfully 
than TAT peptide in transfection because the cytosol 
targeting even in low concentrations is a specific 
characteristic of CyLoP-1 peptide.27

PAA due to cationic structure has cytotoxicity11. In this 
investigation, the cell viability was between 60%-80%. 
Application of peptides with this polymer has reduced the 
cytotoxicity especially in C/P 2. Generally, the CyLoP-1 
modified samples were less toxic than TAT modified ones. 
Maybe, the hydrophilic structure of TAT peptide resulted 
in more cytotoxicity.38

Conclusion
Briefly, TAT and CyLoP-1 peptides has improved the 
transfection and reduced the cytotoxicity compared to 
PAA 15KDa in most C/P ratios. Two vectors of PAA-
1%CyLoP-1 and PAA-1%TAT had better transfection 
compared to PEI 25KDa but the PAA-1%CyLoP-1 is a 
better choice for gene therapy due to lower cytotoxicity.
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