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Abstract: Currently, polycationic nanoparticles (polycation) as nonviral vectors are promising to overcome the defects of 

traditional viral vectors. This review focuses on the recent progress and challenges to improve the transfection efficacy 

and circulation time of polyplexes (complexes between polycation and pDNA or oligonucleotides such as siRNA ) in 

vivo. 
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INTRODUCTION 

 Gene therapy is defined as the transfer of genetic infor-
mation into specific cells to modulate protein expression for 
treatment of inherited or acquired diseases [1,2]. Generally, 
recombinant plasmid DNA (pDNA) (encoding therapeutic 
proteins) and oligonucleotides (relatively small fragments of 
synthetic DNA or RNA) have been used as a “drug” to 
modulate gene expression associating with a particular 
disease. Since it is difficult for negative charged pDNA and 
oligonucleotides to be taken up by targeted cells, the clinic 
use of naked pDNA and oligonucleotides is severely limited 
due to rapid degradation by nucleases in serum and quick 
clearance by immune-system. Therefore, successful gene 
therapy largely depends on the development of efficient 
delivery vectors [3]. 

 Two classes of primary gene vehicles including recom-
binant viruses and non-viral vectors have been developed 
[4]. Viral vectors were widely applied in gene delivery 
studies because of its evolutionarily rooted efficiency as 
gene delivery vehicle [5,6]. However, safety concerns on the 
random recombination immunogenicity, limited nucleic acid 
loading capacity and high cost hinder the wide clinical 
application of recombinant viruses [7-9]. Clinical trials have 
underscored the safety risks of viral vectors because of 
concomitant development of cancer [10] and even death [11] 
with viral gene therapy. Therefore, new attention has been 
focused on non-viral vectors due to their potential advan-
tages such as low immunogenic response, easy modification, 
capability to carry large inserts and facile manufacturing 
even though the transfection efficiency of non-viral vectors  
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is lower than that of viral vectors [12,13]. The flexibility in 
formulation design provides a great promising potential in 
improving the transfection efficiency of non-viral vectors to 
the level comparable to that of viral vectors.  

 There are many potential hurdles as shown in Fig. (1) to 
be overcome for successful gene delivery, a process broadly 
defined as transfection. The delivery system has to survive in 
the serum for sufficient lifetime instead of rapid clearance 
resulting from interaction with serum proteins, and the 
delivered pDNA or oligonucleotides need to be encapsulated 
into particles, which could provide excellent protection of 
pDNA or oligonucleotides from degradation and further 
clearance. Moreover, the particles containing pDNA or 
oligonucleotides have to be accessible to targeted cells and 
internalized by cellular uptake through mechanisms such as 
electrostatic interactions, ligand-receptor interaction or both. 
Following uptake, gene-containing particles need escape the 
endocytosis of endosomal/phagosomal compartments and 
release their DNA cargo into the cytoplasm. Functional 
DNA finally translocates into the nucleus and subsequently 
modulate the expression of targeted protein [1,12-15]. In this 
review, we will focus on state of the art developments of the 
widely studied polycations as non-viral vectors. The 
relationship of polycation structure and function in the 
efficiency and mechanism of transfection are discussed, and 
different modification mainly including the PEGylation of 
polycations is explained on the purpose of overcoming 
barriers in the process of gene delivery. 

1. POLYCATIONS EMPLOYED AS NON-VIRAL 
VECTORS 

 Cationic polymers (usually directly designated as poly-
cations) as gene carriers have been widely used. Besides 
their potential advantages such as lower safety risks and 
greater flexibility, polycations have advantage for carrying 
large DNA molecules, facile manufacturing and easy modi-
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fication compared to viral vectors [12-14]. When complexed 
with DNA, excessive  polycation  are  required to effectively  
encapsulate pDNA or oligonucleotides. The residual positive 
charges on polyplexes surface are beneficial to polyplexes 
for adsorptive endocytosis, because it is easy for the posi-
tively charged polyplexes to interact with negatively charged 
glycoproteins, proteoglycans and glycerophosphates on the 
cell membrane for activated endocytosis. However, residual 
positive surface charges could also result in toxicity at the 
cellular and/or the systemic level. In particular, the in vivo 
applicability of such polyplexes seems to be potentially 
hazardous, since residual surface charge leads to non-
specific interaction with components of circulation system. It 
often causes a rapid removal of polyplexes from the blood 
stream as well as unwanted events such as organ embolism 
due to aggregate formation with erythrocytes [13]. Many 
methods were utilized to solve the non-specific interactions 
and aggregation, which will be discussed in section 2.  

1.1. Poly(L-Lysine) 

 Poly(L-lysine) (PLL) as shown in Fig. (2) is one of the 
polymers used in non-viral gene delivery [13,15]. Although 
PLL with high molecular weight exhibits relatively high 
cytotoxicity, PLL is still broadly used due to its peptide 
structure, which is biodegradable in in vivo [16,17]. It is 
known that PLL/DNA polyplexes can be internalized in a 
way comparable to other polymer/DNA complexes, but it is 
disappointed to their low transfection efficiency. Currently, 
it is thought probably due to lack of amino groups with a pK 
between 5 and 7 that are helpful for acidic endo-lysosomal 
escape [13]. The average environmental pH surrounding 
PLL was found to be 4.0 to 4.5 after cellular uptake, it 
indicates that most of the PLL polyplexes are trafficked into 

the lysosome instead of being released into the cytoplasm 
[18].  

 Extensive researches have been done on PLL structure 
modification for improving its ability to escape endosome in 
time. Typical methods of promoting endosomal lysis were 
known to modulate PLL with histidine or other imidazole 
containing structures. Those modifications provide PLL with 
buffering capacity in the endosome lumen where vesicular 
escape is mediated by a ‘proton sponge’ mechanism [17,19-
21]. In an effort to reduce cytotoxicity of PLL and improve 
DNA release from the PLL polyplexes after endocytosis, 
various biodegradable PLL conjugates have been synthe-
sized by introducing susceptible chemical bonds such as 
disulfide bonds [22-24] and ester bonds [25] inside PLL 
polyplexes.  

1.2. Polyethylenimine  

 Polyethylenimine (PEI) is a versatile polymer which has 
a privileged place in the domain of non-viral gene delivery 
and often considered as the gold standard of gene trans-
fection that is ascribed to its superior transfection efficiency 
in a broad range of cell types compared to other polymer 
systems [9,17]. The transfection efficiency of PEI has been 
shown to be due, at least in part, to the “proton sponge” 
properties of the polymer [26], which originates from PEIs 
high density of near-neutral pKa groups buffering the acidic 
environment of the endosome. The “proton sponge” function 
of PEI polymer guarantees PEI-based polyplexes to escape 
the late endosome into the cytoplasm just before endocytic 
vesicles encounter the lysosome. Thereby, the nucleotides 
payload by PEI polymers could avoid to be degraded by 
lysosomal nucleases [27,28].  

 

Fig. (1). Scheme of mechanism employed by polyplexes for efficient gene delivery. Positive charged polyplexes firstly adsorb on the plasma 

membrane of targeted cells, then pass through plasma membrane and enter into cells by receptor-mediated endocytosis. During it trafficks in 

cytoplasm, it is necessary for polyplexes to free DNA cargo in endosomal vesicles just before the participation of lysosome. Functional DNA 

is released into cytosol and modulates the expression of therapeutic targeted protein, which is critical in inherited or acquired diseases.  
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 After the first PEI-mediated oligonucleotide transfer 
successfully conducted by Behr et al. in 1995 [29], different 
PEI derivatives have been synthesized to improve the 
physicochemical and biological properties of PEI polyplexes 
[30]. In general, PEI can be categorized into branched 
(BPEI) and linear (LPEI) subtypes according to the structure 
(BPEI and LPEI) as shown in Fig. (2). BPEI and LPEI can 
be synthesized via acid-catalyzed polymerization of aziridine 

[31] and ring opening polymerization of 2-ethyl-2-oxazoline 
followed by hydrolysis [32], respectively. 

 The transfection efficiency of PEI polyplexes strongly 
depends on its molecular weight and its amine/DNA phos-
phate (N/P) ratio. Godbey et al. reported that transfection 
efficiency of PEI polyplexes was improved with increasing 
PEI molecular weight ranging from 0.6 to 70 kDa [33], how-
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Fig. (2). Structures of current cationic polymers used in gene therapy. PLL = Poly(L-lysine), BPEI = Branched poly(ethyleneimine), LPEI = 

Linear poly(ethyleneimine), PEMAEMA = Poly[2-(dimethylamino) ethyl methacrylate], PBAE = Poly( -amino esters), PAMAM = 

polyamidoamine. 
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ever, higher cytotoxicity was also concomitant with high 
molecular weight PEI polymers due to their stronger aggre-
gation and adherence on the cell surface, which resulted in 
significant necrosis [34,35]. The optimal molecular weight 
for PEI polyplex was typically ranged from 5 to 25 kDa [30]. 
Low molecular weight PEI can transfect cell lines more 
effectively compared to the high molecular weight 
counterparts only under the condition when higher N/P ratio 
are used [17,36].  

 Not only the molecular weight but also the branching 
degree plays an important role in affecting DNA complex 
formation and stability [13, 17]. Linear PEIs were demons-
trated to display excellent transfection efficiency with a 
rather low toxicity, especially in vivo studies, probably due 
to their unique topology [37-39]. However, linear PEI was 
confirmed to be less effective for condensing DNA 
compared to the branched form with similar molecular 
weights [40]. Moreover, the stability of PEI polyplex is 
better for complexes with more primary amines, it proposes 
branched PEI to be a seemingly more suitable transfection 
vector compared to liner PEI [41].  

 Various modifications of PEI structure have been mainly 
focused on reducing their fairly high cytotoxicity in vivo, 
which results from the high amount of positive charges and 
their non-biodegradability. To prepare biodegradable PEI-
based gene vectors, the low molecular weight PEI and 
biocompatible molecules were conjugated with reducible 
disulfide linkages [42-46], hydrolyzable ester linkages [47-
50], hydrolyzable ester amine linkages [51-57], hydrolyzable 
amide and imine linkages [58-69]. The cleaving mechanism 
of disulfide linkages is totally different from those of the 
hydrolyzable ester linkages, ester amine linkages, hydro-
lyzable amide and imine linkages. Disulfide linkages can be 
cleaved rapidly by glutathione and thioredoxin reductases in 
cytoplasm instead of hydrolytic reaction. Therefore, the PEI 
polycations with disulfide bonds can be used to prepare 
stable complexes with plasmid DNA in the extracellular 
environment. Hydrolyzable ester linkages, ester amine lin-
kages, hydrolyzable amide and imine linkages are compara-
tively stable in extracellular environment, but prone to be 
cleaved in acid endosomal environment due to the hydrolytic 
reaction. The cytotoxicity of modified PEI derivatives is 

dramatically reduced compared to parental PEI polymer, 
although the transfection efficiency is also hampered in some 
cases. 

1.3. Poly(Amino-Ester)  

 Poly( -amino esters) (PBAEs) is one particularly 
interesting class of polymers for gene delivery, since it was 
first developed through classical Michael addition reaction 
involving the conjugation of either a primary amine or a 
bis(secondary amine) monomer with a diacrylate ester as 
shown in Fig. (2 and 3) [70]. PBAEs are more promising 
polymers compared to PEI due to their biodegradability via 
hydrolytically degradable ester groups as well as reduced 
cytotoxicity, capability for triggering DNA release within the 
cell, and flexibility for their structural modification [71]. 
PBAEs can successfully modulate the physical environment 
of endosomal compartment and escape endosome through 
the “proton sponge” mechanism similarly to PEI polymers 
[72]. A 140 PBAEs library composed of 7 diacrylate mono-
mers and 20 amine monomers was synthesized and screened 
for gene delivery efficacy in parallel, it was found that the 
polyplexes with effective diameters smaller than 250 nm and 
positive  in 10 mM HEPES buffer to show the best perfor-
mance, which presented with high uptake and mediated gene 
delivery 4-8 fold higher than PEI, comparable to the efficacy 
of classical lipofectamine 2000 reagent [71-73]. Unfor-
tunately, the two PBAEs polyplexes with best performance 
also demonstrated with high cytotoxicity. Their cytotoxicity 
might be reduced by further modification of these polyplexes 
with different molecular weight, end group and optimized 
ratio of polymer to DNA weight [74].  

 Previous studies indicated a better way to identify novel 
polymer with good quality of gene delivery is to synchro-
nously screen the synthesized polymer library. In 2003, 
Anderson et al. synthesized a library with 2350 structurally 
unique PBAEs by using the revolutionary method, auto-
mation and high-throughput combinatorial chemistry. This 
large polymers library was screened to identify polymers 
with efficient DNA binding and COS-7 cells transfection in 
serum-free conditions. The structure-activity connection 
demonstrated that transfection efficiency of these polymers 
was dependent on the molecular weight, end groups and 
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optimal polymer/DNA ratio [17,73-75]. Interestingly, the 
properties of polymer could be significantly enhanced just by 
simple modification of the polymer ends. Polymers synthe-
sized with end groups containing terminal primary amines 
were found to bind DNA more tightly, form smaller 
polymer/DNA nanoparticles, facilitate higher DNA cellular 
uptake and mediate higher protein expression [76-78]. 

 Inspired by the works of Dr. Langer and co-workers, 
many groups have synthesized hyperbranched polymer 
structures with significant efficiency for gene transfer [79-
83]. For example, Park et al. synthesized hyperbranched 
Poly(amino esters) (PAEs) polymers for effective gene 
transfer. The cytotoxicity of these polymers was much lower 
than that of PEI or PAMAM, however, the transfection 
efficiency was higher than that of Poly[ -(4-aminobutyl)-L-
glycolic acid] [80].  

 In general, PAEs could be completely degraded to 
monomeric units with negligible side effects on cell viability 
in physiological conditions within 5 h [70]. Longer degra-
dation time is sometimes required for polyplexes during 
transfection in dendritic cell [84]. The network-type PAEs 
synthesized by Park et al. can prolong the degradation time 
of the polyplex and exhibit transfection efficiency rivaling 
that of PEI, even in the presence of serum [85-88]. The 
degradation of the network-type PAEs was found to be 
relatively slow in that the complex with DNA lasted 5-10 
days in physiological buffer conditions [88]. 

1.4. Poly[2-(Dimethylamino) Ethyl Methacrylate]  

 Poly[2-(dimethylamino) ethyl methacrylate] 
(PDMAEMA) as shown in Fig. (2) is another effective gene 
transfer agent due to its inherent cationic charge. The high in 
vitro transfection efficiency of PDMAEMA polyplexes is 
attributed to the ability of the polymer capability of 
destabilizing endosome as well as dissociating easily with 
the plasmid payload once the polyplexes were delivered into 
the cytosol [89]. Unlike PEI polymer, many researches 
indicate that the transfection mechanism of PDMAEMA 
polyplexes does not accord with “proton sponge” hypothesis 
[90-92]. For example, Hennink et al. attempted to improve 
the endosome lysis capability of PDMAEMA by incorpora-
ting an additional tertiary amino group in each monomeric 
unit for promoting the “proton sponge” effect, however, the 
transfection efficiency of modified polymeric structure was 
significantly lower than that of the unmodified polymer. This 
result suggests that the “proton sponge” hypothesis may not 
be universally applicable to all polymers that can mediate the 
acidic endosomal compartments [90]. 

 Similar with PEI, the transfection efficiency of 
PDMAEMA could be improved by increasing the molecular 
weight, but employment of high molecular weight polymers 
is often concomitant with higher cytotoxicity. Only 
PDMAEMA with higher molecular weight (MW > 300 kDa) 
was found to form small and stable polyplexes with DNA in 
neutral media, while the polymers with relative low mole-
cular weight (MW < 27 kDa) could condense DNA to form 
large polyplexes [14]. It is known that nonbiodegradable 
polycations with molecular weight more than 30 kDa can not 
be eliminated by the kidney [48]. PDMAEMA based poly-
plexes were mostly designed to be used as biodegradable 

gene carriers. You et al. firstly synthesized oligomers of 
DMAEMA containing terminal thiol groups by reversible 
addition-fragmentation chain transfer polymerization using 
difunctional chain transfer agent. The reducible PDMAEMA 
(rPDMAEMA) was synthesized by oxidation of the terminal 
thiol groups, forming a polymer with disulfide bonds in the 
backbone. Transfection activity of rPDMAEMA was mea-
sured in B16F10 mouse melanoma and six human pancreatic 
cancer cell lines, the results indicated that rPDMAEMA 
polyplexes present a comparable or better activity than 
PDMAEMA polyplexes [93]. Jiang et al. worked on brushed 
polymers composed of a backbone of poly(hydroxyethyl 
methacrylate) onto which PDMAEMA was grafted via a 
hydrolyzable linker. Under physiological conditions, the 
brushed polymer was degraded by carbonate ester hydrolysis 
with a half-life of 96 h. The molecular weights of the formed 
degradation products was very close to that of the starting 
PDMAEMA, which is likely below the renal excretion limit 
(<30 kDa) [94]. 

1.5. Chitosan  

 Chitosan (CS) is a biodegradable and biocompatible 
linear cationic amine-containing polysaccharide (see Fig. 
(2)). Chitosan can be used to condense DNA into 100-200 
nm nanoparticles, although they have variable stability in the 
presence of serum proteins [95]. Chitosan demonstrates 
protection against DNase degradation that is comparable to 
PEI polymer, and displays significantly better biocom-
patibility. Its cationic polyelectrolyte property provides 
strong electrostatic interaction with negatively charged 
mucosal surfaces and other macromolecules such as DNA 
[17]. Numerous modifications to this polymer structure have 
been made to improve transfection efficiency of chitosan 
polyplexes [96-101]. For example, N-quaternization of 
chitosan terminal amines resulted in increased transfection 
efficiency despite of higher cytotoxicity [100]. The chitosan-
g-PLL polymer synthesized by grafting chitosan with 
polylysine exhibited better DNA-binding ability due to 
enhanced charge density, reduced cytotoxicity and increased 
transfection efficiency as compared to both polylysine and 
25 kDa PEI polyplexes [101]. 

1.6. Dendrimers 

 Dendrimers are spherical, highly branched polymers 
prepared either by divergent (starting from central core 
molecule) or convergent (starting where will become the 
periphery of the molecule building inwards) synthesis 
strategies [13]. The most currently used dendrimers are 
polyamines, polyamides and/or polyesters, but the most 
commonly encounter is polyamidoamine (PAMAM) as 
shown in Fig. (2) because of its high transfection efficiency 
[102-103]. Dendrimers bear primary amine groups on their 
surface and tertiary amine groups inside. The primary amine 
groups participate in DNA binding, compact it into 
nanoscale particles and promote its cellular uptake, while the 
buried tertiary amino groups act as a proton-sponge in endo-
some and enhance the release of DNA into the cytoplasm 
[9]. Dendrimers are not required to function in their perfect 
spherical shape [104]. Actually, transfection efficacy can be 
improved by effectively pruning the branches of the 
dendrimer or by using the branches themselves. Partially 
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degraded or fractured PAMAM dendrimers with more 
flexible structures than intact dendrimers have been shown to 
have more than 50-fold enhancement for gene delivery as 
compared to complete PAMAM [105]. 

2. STRATEGIES TO IMPROVE CELL UPTAKE 
EFFICIENCY AND CIRCULATION TIME OF 

POLYPLEXES IN VIVO  

 Polycation/plasmid DNA complexes are usually prepared 
in the presence of an excess amount of polycation to effec-
tively condense DNA for preventing the access of nucleases 
to plasmid DNA and improving resistance of plasmid DNA 
against enzymatic degradation. Therefore, the finally formed 
complex has a net positive charge [13,106]. Although the 
positively charged complexes can interact with negatively 
charged cell membranes and facilitate cellular uptake of the 
polymer/plasmid DNA complexes via endocytosis, the net 
positive charge of complexes makes them prone to bind with 
negative charged serum proteins in circulation system, which 
results in rapid clearance by macrophages and reduction of 
delivery efficiency. The nonspecific binding may also be the 
cause for cytotoxicity [107]. However, the ability of poly-
plexes to circulate in vivo for a prolonged period of time is 
often a prerequisite for successful gene therapy. 

 To increase biocompatibility and transfection efficiency 
of polyplexes, it is necessary to mask the net positive charge 
to enable them circulating in vivo. Poly(ethylene glycol) 
(PEG) was widely used to conjugate the cationic polymers to 
prevent the inter-particle aggregation of the complexes and 
to increase complex stability in the presence of serum pro-
teins [9, 107]. PEG-conjugated copolymers have advantages 
for gene delivery: 1) The PEG-conjugated copolymers show 
low cytotoxicity to cells in vitro and in vivo, 2) PEG 
increases water-solubility of the polymer/DNA complex, 3) 
PEG reduces the interaction of the polymer/DNA complex 
with serum proteins and increases circulation time of the 
complex, 4) PEG can be used as a spacer between a targeting 
ligand and a cationic polymer, 5) PEG can prevent the 
capture and clearance by macrophages [106]. 

2.1. PEGylated Cationic Polymer-Based Gene Delivery 
Systems 

 So far, numerous of PEGylated PLL [16,108-117], PEI 
[68,118-129] and PDMAEMA polymers [14,130-133] have 
been synthesized in order to increase the polyplexes 
circulation time and reduce their cytotoxicity in vivo. Studies 
indicate that the properties of the PEGylated PLL/PEI con-
jugates are strongly dependent on the degree of PEGylation 
and the molecular weight of PEG [111,120].  

 Besides increased cytotoxicity, high molecular weight 
PLL/DNA complexes have shown a tendency to aggregate 
and precipitate depending on the ionic strength of the 
solution. The block copolymers of PLL with PEG (PLL-b-
PEG) were prepared to prohibit the formation of insoluble 
precipitates [109]. The polyplexes of PLL-b-PEG and DNA 
or oligodeoxynucleotides show reduced sizes regardless of 
the NaCl concentration in the buffer and are resistant to 
deoxyribonuclease I (DNase I) digestion [109,110]. Comb-
shaped PEG grafted PLL (PEG-g-PLL) was first synthesized  
 

with different PEG-grafted ratios (PEG: 550; PLL: 25,000) 
by Choi et al. [16]. PEG-g-PLL formed a complex with 
plasmid DNA at or above a 1:1 weight ratio. DNase I 
protection assay indicated that 10 mol% PEG-g-PLL could 
completely protect plasmid DNA for more than 60 min. In 
addition, PEG-g-PLL had dramatically low toxicity to 
HepG2 cells. Recently, the PEGylated dendritic PLL was 
found to enhance blood residence and reduce hepatic 
accumulation compared to dendritic PLL [134]. 

 Various synthetic strategies have adopted to conjugate 
PEI with PEG. The primary amino groups of PEI molecules 
can react with N-hydroxysuccinimide activated PEG to form 
PEGylated PEI [135]. Alternatively, in a two-step procedure, 
PEG can be activated with either epoxide [122] or isocyanate 
groups [120] followed by reaction with the amino groups of 
PEI. Two series of branched PEI-grafted-PEG (BPEI-g-
PEG) was synthesized by Petersen et al. [120]. PEI (25 kDa) 
was grafted to PEG (5 kDa) with different degrees of 
substitution in first BPEI-g-PEG. The second branched PEI-
grafted-PEG contains PEG with molecular weight (MW) 
from 550 Da to 20kDa. 5 kDa PEG significantly reduced the 
diameter of spherical complexes from 142 ± 59 to 61 ± 28 
nm. With increasing of the grafted PEG, complexation with 
DNA was impeded and complexes lost their spherical shape. 
Copolymers with PEG 20 kDa yielded small and compact 
complexes with DNA (51 ± 23 nm) whereas copolymers 
with PEG 550 Da resulted in large and diffuse structures 
(130 ± 60 nm). The zeta potential of complexes was reduced 
with increasing PEG grafted with molecular weight more 
than 5 kDa [120]. The synthesized PEG-block-linear PEI 
(PEG-LPEI) with linear 22 kDa polymer can form complex 
with DNA and allow the preparation of higher concentrated 
polyplexes compared to unmodified PEI. High transgene 
expression was accessed by PEI–PEG/DNA complexes 
administrated by nasal instillation in mice [119]. Recently, a 
new biodegradable chitosan-g-PEI-g-PEG-OH with a 
hydroxyl group at the PEG chain end was prepared for 
constructing amphiphilic copolymers by grafting reaction of 
chitosan, polyethylenimine (PEI) and heterobifunctional 
PEG. The amphiphilic and end-functionalized copolymer 
may have a potential utility in conjugating with targeting 
moieties for targetable gene or drug delivery [63]. 

 An acid-labile block copolymer was recently synthesized 
using a PEG as macroinitiator with an acid-cleavable end 
group by atom transfer radical polymerization of DMAEMA. 
PEG and PDMAEMA segments were connected through a 
cyclic ortho ester linkage (PEG-a-PDMAEMA) at pH 7.4, 
PEG-a-PDMAEMA polyplexes exhibited smaller particle 
size, lower surface charge, reduced interaction with erythro-
cytes, and less cytotoxicity compared to PDMAEMA-deri-
ved polyplexes [14]. The strong hydrophilicity of the PEG 
segments could dissociate PEGylated polyplexes under the 
physiological environment and attenuate polycation carrying 
with target genes. To circumvent this issue, Won et al. 
incorporated the hydrophobic middle block of poly(n-butyl 
acrylate) (PnBA) into the PEG-PDMAEMA and achieved a 
triblock PEG-b-PnBA-b-PDMAEMA polymer [133]. The 
properties of the triblock copolymer/DNA complexes are 
better than that of PDMAEMA homopolymer and PEG-
PDMAEMA diblock copolymer, which had comparable 
molecular weights for individual blocks.  
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 In addition, polyanion was also utilized to assembly with 
polyplexes or polycation to screen the positive charge [84, 
136,137], which may be the next hotspot in polymeric gene 
vectors. The unique advantage of this strategy is that 
polyanion conjugated with PEG can assembly with different 
polyplexes to dissimulate the positive charge. Therefore, 
intricate PEGylation synthetic steps of different polycation 
can be avoided. Moreover, the PEG density on the poly-
plexes surface can be easily controlled by tuning the amount 
of added polyanion. Polymethacrylic acid-b-polyethylene 
oxide (PMAA2100-b-POE5000) was used to complex poly-
L-lysine. Micelles showed a hydrodynamic diameter of 30 
nm with a peculiar core organized with hydrogen bonds as 
well as hydrophobic domains. The micelles proved high 
stability in physiological conditions (pH and ionic strength) 
and were also able to disassemble under acidic conditions 
mimicking acidic endolysosome [84]. Ni et al. designed a 
novel polyanion named MePEG2000-block-poly(methacry-
lic acid) carring partial thiol groups (MePEG2000-b-
PMAASH). MePEG2000-b-PMAASH was used to coat the 
poly[(dimethylamino)ethyl methacrylate] end-capped with 
cholesterol moiety (Chol-PDMAEMA30)/DNA complexes 
via electrostatic interaction between PDMAEMA and 
PMAASH. Hydrogen peroxide solution was then added to 
oxidize the mercapto groups to form bridging disulfide 
linkages between the MePEG2000-b-PMAASH chains and 
to stabilize the complexes. This system can provide a better 
stability during systemic circulation, disintegrate and release 
DNA once the disulfide linkages are destroyed in cell 
reducing environment [138]. 

2.2. Solutions to the limitations of PEGylation 

 While PEGylation can increase circulation time of poly-
plexes in vivo and reduce their toxicity, gene expression 
usually concomitantly decreases. The reduced gene expre-
ssion originates from completely or partially dissimulation of 
positive charge on the polyplexes surface, which results in 
decreasing interaction with cell membrane and thus drama-
tically hampering cellular internalization of polyplexes. 

 To improve the cell uptake efficiency of polyplexes, 
various cell-specific targeting ligands have currently been 
attached to polypexes. Ligand-mediated uptake not only 
increases cell-specific delivery of pDNA, but also avoids the 
problem of non-specific interaction to a certain extent [3]. 
These ligands include but are not limited to small molecules 
such as folate [139-142] and galactose [143-145] or macro-
molecules such as transferrin [146-148] and RGD [137,149, 
150]. The folate receptor is known to be overexpressed in a 
large fraction of human tumors, but it is only minimally 
distributed in normal tissues. Therefore, the folate has been 
widely used as a tumor-targeting ligand for gene delivery 
[3]. Lectins are abundantly expressed in the lung, therefore, 
galactose is selected as a ligand to improve the binding and 
uptake of the modified polyplexes into lung cells [144]. 
Transferrin, an iron-binding glycoprotein, is a ligand for 
tumor targeting. Iron-loaded transferrin is recognized and 
binds to transferrin receptors on the cell surface. The 
expression of transferrin receptors is increased in rapidly 
dividing cells due to a need for iron. Therefore, transferrin 
receptors are often upregulated on the surface of malignant 
cells. Transferrin has been used as a tumor-targeting ligand 

for several drug delivery systems [3]. The RGD peptide as a 
targeting ligand is known to selectively recognize and bind 

3 and 5 integrins that are expre-ssed on cell surfaces 
of certain cell types such as endothelial cells, osteoclast, 
macrophage, platelets, and melanomas. It was recognized 
that the integrins are a class of transmem-brane glyco-
proteins that interact with the extracellular matrix and 
mediate endocytosis. The receptor-mediated endocytosis is a 
representative internalization pathway and cellular uptake for 
targeting gene delivery systems [150]. The localization of 
ligand in PEGylated polycation can affect the targeting 
effect. It seems crucial to place it several nano-meters away 
from the surface of the polyplexes to provide an effective 

binding with cell surface receptors [9,151].  

 The reduced transfection efficiency observed with 
PEGylated PEI has mainly been attributed to the difficulty of 
gene transfer that occurs after cellular uptake instead of 
reduced interactions with the cell membrane. This viewpoint 
is confirmed by the phenomenon that PEI-PEG with cell-
targeting ligands is still internalized less effectively than 
unmodified PEI. While the neutral PEGylated polycation 
exhibits reduced aggregation, endosomal escape is attributed 
to cationic charge of the vector. It is necessary that the 
coating of PEG could be shed as soon as possible after 
polyplexes enter into endosome, which can be fulfilled by 
conjugating PEG and polycation with chemical bond 
hydrolyzing quickly in the endosome environment (pH=5.0). 
Knorr et al. synthesized an acetal-based PEGylation reagent 
with a maleimide terminus that could be coupled to mer-
captan-modified PEI. The hydrolysis of acetal-conjugated 
PEG chains had a half-life of 2 h at physiological conditions 
but was reduced to approximately 3 min at pH 5.5. In vitro 
results from this study showed the transfection efficiency of 
the acetal-based PEGylated PEI was comparable to unmodi-
fied PEI, suggesting a potential for improved efficiency in 
vivo [17,127]. Li et al. reported an acid-labile block copoly-
mer named PEG-a-PDMAEMA consisting of PEG and 
PDMAEMA segments connected through a cyclic ortho 
ester linkage mentioned above. At pH 7.4, PEG-a-
PDMAEMA polyplexes exhibited smaller particle size, 
lower surface charge, reduced interaction with erythrocytes 
and less cytotoxicity compared to PDMAEMA-derived 
polyplexes. At pH 5.0, zeta potential of PEG-a-PDMAEMA 
polyplexes increased up after 2 h incubation and gradual 
aggregation occurred in the presence of bovine serum 

albumin (BSA) [14].  

3. CONCLUSIONS AND PERSPECTIVES 

 Undoubtedly, PEI is still the most widely used and effec-
tive non-viral gene vector. The modification of its structure 
is required further study to not only reduce its cytotoxicity 
but also improve or at least not impair its transfection 
efficiency. PAEs are a promising series of polycations whose 
transfection efficiency can rival PEIs, and their biodegrada-
tion performance is an overwhelming advantage compared to 
PEIs. Design and synthesis of new PAEs is an important 
direction in non-viral vectors for gene therapy. PDMAEMA 
seems one unique non-viral vector independent of “proton 
sponge” mechanism. Although PDMAEMA does not show 
exceptionally high transfection efficiency compared to other 
cationic polymers, PDMAEMA serves as an excellent model 
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for structure-transfection studies. Moreover, it is known that 
PDMAEMA is a thermosensitive macromolecule. Some 
interesting phenomena will be found with the progress of 
research for non-viral vectors based on PDMAEMA. 

 PEGylation of polycations is an effective approach to 
improve the polyplexes circulation performance in vivo and 
reduce their cytotoxicity. The introduction of targeting 
ligands in the terminal of PEG can compensate the decrease 
of cell uptake efficiency of PEGylated polyplexes. After 
internalization, however, the shielding PEG chains are 
required to be removed at least partially or completely, re-
exposing the surface charge of the polyplexes at endosomal 
pH condition, which would promote membrane disruption 
and endosomal escape of the polyplexes and thus enhance 
gene transfection efficiency. It owns a great significance to 
develop intelligent delivery systems based on physiologi-
cally triggered, reversible shielding technology.  
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