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Abstract 

Star polymers are hyperbranched polymers with fascinating properties and self assembly 

behaviour that have recently attracted a lot of interest in the field of gene delivery. This 

perspective aims to summarize the latest studies on star polymers as gene delivery vectors. 

Specifically, to identify and discuss the main synthetic methodologies that were used to 

fabricate the star polymers and which structural characteristics affect their ability to be used 

as gene delivery agents. 
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Introduction 

Gene therapy can be used to treat a number of genetic disorders like blindness, 

diabetes, cystic fibrosis, Parkinson’s disease, cancer, and haemophilia.
1, 2

 In order for therapy 

to be achieved, the appropriate therapeutic gene (DNA or siRNA) has to be delivered into the 

cells. DNA however, is a negatively charged, hydrophilic molecule; thus its delivery into the 

nucleus of the cell which requires it to pass through the also negatively charged and 

hydrophobic cell membrane is not feasible. Moreover DNA is enzymatically degradable and 

needs to be protected until it reaches the nucleus of the cells. Consequently gene delivery 

vesicles (also called vectors or carriers or agents) have been developed.
1-7

  The first vectors 

trialed in gene delivery were viruses, which are nature’s way of carrying genes.
6, 7

 Viruses 

though cause immune response and thus non-viral viruses started to be developed.
6-9

 Many of 

these non-viral vectors are polymer-based, because polymers are easy to tailor, cost-effective 

and safer.
6, 7, 9, 10

 This explains why over the last three decades more than three thousand 

studies have been published on polymers for gene delivery. 

 

Figure 1: DNA delivery using a cationic star polymer. 

 

Most of the polymers used for gene delivery are cationic. The delivery of the genetic 

material (a procedure also called transfection) happens in five steps when using a cationic 

polymer vector (illustrated in Figure 1): 
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i. DNA / polymer complexation (also called DNA condensation). The cationic polymer 

electrostatically binds the negatively charged DNA. 

ii. The DNA / polymer complex (also called polyplex) passes through the cell membrane 

into the cell, usually by endocytosis.  

iii. Endosomal release of the polyplex or lysosomal degradation in the cytoplasm. The 

polyplex enters the cytoplasm usually in an endosome (depending on the cell type and 

the type of entry).  The polyplex is then released from the endosome which has a pH ~ 

6 before the endosome matures to a lysosome pH ~5 to avoid enzymatic degradation. 

iv. Cytosolic transport to the nucleus.  The polyplex or DNA (if it has already been 

released from the complex) travels through the cytoplasm to reach the nucleus.  

v. Transfer into the nucleus. This can happen by two paths: 1) during mitosis when the 

nuclear membrane dissembles and large molecules can enter the nucleus and 2) 

through nuclear pore complexes. With the later, larger molecules they require specific 

targeting so they can be recognised by the receptors on the nuclear membrane. 

Thus, an ideal cationic polymer vector should be water-soluble, non-toxic and be able to bind 

the DNA effectively, but not too strongly, so it will be able to release the DNA in the 

cytoplasm. It will also be desirable to be biodegradable and have targeting moieties (groups) 

that will ensure delivery to the desired area. The chemical structures of common cationic 

polymers that have been used in gene delivery are shown in Figure 2. These include 

polyethylenimine (PEI), 7, 8, 11-15
 poly[(2-dimethylamino)ethyl methacrylate] (pDMAEMA),

11-

21
 poly(L-lysine) (PLL)

7, 22
 and poly(N,N-dimethylaminopropyl acrylamide) 

(pDMAPAAm)
23-27

. The chemical structure of poly(ethylene glycol) (PEG) is also shown in 

Figure 2 because it is a common chemical group to attach to polymeric carriers to increase 

their solubility in water and their biocompatibility. 
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Figure 2: Chemical structures of common components of star-like polymeric DNA carriers. 

 

Numerous types of polymers have been trialed in gene delivery; polymers with 

different structural characteristics; different chemistry, composition, topology and 

architecture.27-29 This perspective focuses on a specific type of polymer vectors that have a 

star-like architecture, which has shown promising activity. Specifically, star polymers have 

exhibited better transfection efficiency when compared to their linear or branched 

counterparts.
15, 23, 30-32

 This has been attributed to superior DNA condensation ability of the 

star polymers  in forming spherical polyplexes
32

 that are assumed to enter the cell more 

easily. Interestingly it was confirmed by theoretical predictions that star polymer/DNA 

complexes have a spherical shape and that the DNA is positioned more in the core of the 

complex.
33

 This means that the DNA will be protected more efficiently from enzymatic 

degradation until its release. 

Synthetic Methodologies 

There are three methodologies that have been used to synthesized star polymers for gene 

delivery which are schematically illustrated in Fig. 3. The first method is the “arm-first” 

approach where the linear branches of the polymer are synthesised first using a “living” or a 
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“controlled” polymerization technique and then a bifunctional cross-linker is used to 

interconnect the “arms” to produce star polymers.
11-15, 30, 34  One disadvantage of this method 

is that the synthesized star polymers do not have a known number of arms, a defined 

functionality, and that is why the polydispersity (PDI) can vary from 1.1 to 1.5, depending on 

the polymerization method and the monomer used. Furthermore, linear polymers that do not 

interconnect to produce the star polymer remain in solution so further purification of the star 

polymer is sometimes needed. Another disadvantage is that when the degree of 

polymerization of the arms is low it is possible for the star polymers to interconnect with each 

other and thus produce crosslinked star polymers with even broader PDIs (around 2).
14, 15

 The 

advantage of this method though is that the position of the monomers can be easily varied 

when synthesizing star copolymers. Therefore polymers of different architectures like block, 

statistical and heteroarms star copolymers can easily be synthesized in a one-pot procedure 

with sequential living polymerization.
11, 13

 Also, if a degradable crosslinker is used then star 

polymers with a degradable core are produced which have a significant advantage since 

degradability has been shown to reduce the toxicity of cationic polymer vectors.  

The second methodology to synthesize star polymers is to use a multifunctional initiator from 

which the “arms” (branches) grow from using a “living” or a “controlled” polymerization 

technique.
23-26, 31, 32, 35-46

 This approach produces star polymers with a known functionality 

(number of arms) equal to the functionality of the initiator and narrower PDIs than the first 

synthetic methodology. The challenge in this approach is the use of the right initiator that will 

bear initiating sites (functional groups) with the same reactivity so all the arms will “grow” 

with the same rate and have the same degree of polymerization. Often, the multifunctional 

initiators have to be in-house synthesized. 

The third approach is to synthesize star polymers by using a series of conjugation/coupling 

reactions.
41, 45, 47-51

  The functionality of the synthesized star polymer will be equal to that of 
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the multifunctional coupling agent/precursor that will be used. The disadvantage of this 

method is that the attachment of the linear polymers to the multifunctional compound, that 

will act as the core of the arm, can be time consuming or/and will not go to full conversion.
52

 

However, with the recent development of “click” chemistry this is no longer as a major 

problem as it used to be. It can still be a time consuming, multi-pot procedure though, 

especially to synthesize block copolymers, unlike the first two approaches that can potentially 

be done as a one-pot procedure if a “living” polymerisation method is used. 

 

 

Figure 3: The three main different methods used to synthesize star polymers for gene 

delivery: (a) the “arm-first” methodology (b) “core-first” methodology and (c) by 

conjugation/coupling reactions. 
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Thus, depending on which methodology is chosen star polymers of different functionalities 

and architectures can be synthesized. These structural characteristics of the star polymers can, 

as it will be discussed below, significantly affect their ability to deliver the genetic material. 

Structure/Activity Relationship 

The first study of star polymers in gene delivery was performed by Georgiou et al. and in this 

study the effect of the molecular weight (MW) on the transfection efficiency and cell viability 

was investigated.
12

 The cell viability reduced as the size of the star polymer increased and 

this was also observed in later studies.
24, 26, 36, 43, 46, 49

 This is attributed to two reasons: 1) 

larger size star polymers produce larger polyplexes that are more toxic because they have a 

stronger tendency to bind negatively charged peptides and eventually precipitate with the 

cytosol or/and 2) larger star polymers can destabilise the cell membrane, that causes cell 

death, more effectively than smaller cationic polymers.  

However, when trying to compare studies on how the MW (size) of the star polymers affects 

the transfection efficiency caution should be taken, not just because no direct comparison of 

studies using different cell lines and transfection protocols should be made, but also because 

the MW of star polymers can be varied by changing two parameters: the length of the arms 

or/and the number of branches. Thus it is not straightforward to conclude how the MW 

affects the transfection efficiency. For example when comparing two initial studies on how 

the MW affects the gene delivery ability of the star polymers conflicting  results are reported. 

The study  by Georgiou et al
12

 where DMAEMA based star polymers from 44 k to 177 k  g 

mol
-1 

were investigated reported that the transfection efficiency decreased with increasing the 

MW and the study performed by Nakayama’s group
26

 where DMAPAAm based star 

polymers with MWs from 23 k to 73 k g mol
-1

 reports that the gene delivery increased with 

increasing the MW. However, when carefully considering that cell viability is significantly 

decreased when increasing the MW and that will have a major role in the overall transfection 
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efficieny of the polymer, one can conclude that there is an optimum MW for star polymers 

for gene delivery. This optimum MW is probably an intermediate MW around 50 to 100 k g 

mol
-1

 depending on the chemical structure of the cationic star polymer. This was later 

investigated by Muller’s group and their findings supported this argument.
43

 

The introduction of a second monomer, a co-monomer, in the polymer structure usually 

results in increasing the cell viability if the second monomer is hydrophilic and non-ionic. 

The most common co-monomer is PEG (or a PEG-based monomer) that is known to be 

biocompatible, non-immunogenic, non-antigenic and it is also FDA approved. Furthermore 

the PEG component can improve the lifetime of the carrier in vivo through the shielding 

effect. Specifically the incorporation of a non-ionic hydrophilic segment on the polymer 

increases the colloidal stability of the polyplexes, reduces the polyplexes interactions with 

proteins and blood cells, and prolongs the circulation time in the blood stream. A number of 

studies have investigated PEG-based cationic star copolymers 
13, 32, 34, 38, 40, 41, 44, 47, 50, 51

 and 

several have confirmed that the incorporation of the PEG component reduces the toxicity 

when the copolymers were compared with the cationic star homopolymers.
13, 40, 44

 When 

hydrophilic anionic groups, specifically methacrylic acid
11

 and folic acid
48

 groups were 

incorporated into the star polymer structure, increased cell viability or no effect on cell 

viability was observed, respectively.  

Interestingly it is not only the incorporation of the second monomer that affects the vector’s 

transfection ability but also the co-monomer’s position. Specifically when star polymers of 

different architectures but similar composition (monomer ratio) and MW were synthesized 

the transfection efficiency was significantly affected by the position of the monomers within 

the polymer structure.
11, 13

 It appears that the star copolymers have increased gene delivery 

activity when the cationic groups are on the outer part of the star. This may be due to the 
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better complexation ability of these stars. However further studies are needed to 

systematically investigate the effect of the architecture and confirm this observation.  

Futhermore, in order to improve further the transfection efficiency and reduce the toxicity of 

star polymer vectors, targeting
25, 41, 48

 and degradable groups,
30, 44, 48

 respectively, can been 

incorporated into the star structure. Targeting groups will assist the polyplex to be delivered 

to a specific cell type while degradable groups will reduce the toxicity of the polymer 

because it will be cleaved to smaller polymers in vitro and in vivo and smaller MW polymers 

have reduced toxicity. 

Finally, it is also desirable to introduce imaging agents on the polymeric carriers so the 

polyplex can be monitored in vivo and their intracellular pathway can be identified. Thus, 

simultaneous imaging and therapy, theranostics, could be achieved.
53

 

Conclusions and Perspectives 

Star polymers have proven to be more promising transfection agents than linear or branched 

polymers. Due to their compact structure and moderate flexibility they can condensate the 

DNA and deliver it efficiently into cells. Furthermore the star architecture offers more end-

functional groups where targeting groups can be attached. 

Over the last decade, since the first star polymers were trialled as gene delivery vectors, it has 

become apparent that the structural characteristics of the polymer have a significant effect on 

their activity. Specifically, structural characteristics like the numbers of arms, as well as the 

length of the arms, the composition, and the topology of the star polymers affect the toxicity, 

the DNA complexation ability and the overall transfection efficiency of the polymers. 

However, further studies are needed in order to establish and confirm how these structural 

characteristics shape the activity and optimise the carriers. In order for the future studies to be 

precise and reliable, they should be systematic. This can only be achieved if the produced 

polymers have well-defined structures and narrow molecular weight distributions. 
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Consequently, the use of “living” or “controlled” polymerization techniques will become 

essential.  
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