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CANCER GENE THERAPY 

The progressing insights into genomics and molecular biology offer many exciting 

possibilities in medicine. In 1990, gene therapy demonstrated its potential by the long-term 

curing of a patient with a inherited, life-threatening disease [1, 2]. Since then, over a 

thousand of gene therapy clinical trials have been conducted [3].  

Whereas initially, the aim of gene therapy was to treat inherited genetic deficiencies, 

nowadays, the focus of the current gene therapy clinical trials has shifted to the treatment of 

cancer. In the field of cancer therapy, gene therapy shows promise as it offers a high 

potential of tumor selectivity compared to the traditional chemotherapeutic approaches      

[4, 5]. After all, the therapeutic gene can not only be specifically delivered to the tumor site 

(see Gene delivery systems), moreover, the use of tumor selective promoters enables 

transcriptional targeting [6-9].  The careful design of the DNA plasmid composition allows 

an almost endless potential of different anti-cancer strategies. Gene immunotherapy tries to 

boost the patient’s immune system to target and destroy cancer cells by utilizing DNA 

encoding for antigens and/or cytokines. Other gene transfer strategies aim for expression of 

e.g. tumor-suppressor proteins and suicide proteins in cancer cells in order to kill them. 

Oncolytic virotherapy engineers replicating viruses for the selective targeting and 

destruction of cancer cells, while remaining innocuous to the rest of the body [4, 5]. Finally, 

the use of short RNA sequences (siRNA, small interfering RNA) enables the inhibition of 

tumor growth by interfering with the translation of oncogenes or endogenous genes 

necessary for cancer cell survival [10, 11]. 

For efficient gene transfer to distant, metastatic tumor sites, intravenous administration is 

often to be preferred over local injection [5, 12]. However, upon the introduction of DNA 

into the bloodstream, DNA has to travel a complex and challenging route to the nucleus of 

the target cell (Figure 1) [9, 12]. The nature of the DNA makes it susceptible for intra- and 

extracellular nuclease digestion, whereas its large size and highly negative charge impede 

cellular uptake and processing by the target cells. As a consequence, the systemic 

application of free DNA in cancer gene therapy has shown to be of limited value [5]. 
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Viral (903x)
Naked DNA (241x)
Liposome based (102x)
Other (e.g. polymer based, 36x)
Unknown (40x)

  
Figure 1. The systemic delivery of nucleic acid based medicines to the target cells is complex [13]. 

 

GENE DELIVERY SYSTEMS  

The therapeutic utility of DNA can be greatly increased upon complexation with a carrier 

system [4, 14, 15]. DNA can be assembled into viral vectors, or complexed with non-viral 

gene delivery systems. Delivery systems have shown to be indispensable, particularly for 

the systemic application of DNA, but also improve the DNA transfer efficiency of locally 

applied nucleic acids compared to free nucleic acids, by: 

1. Enhancing resistance against nucleases present in the bloodstream and the 

interstitium. 

2. Improving uptake by the target cells. 

3. Improving intracellular transport to the nucleus. 

For a more detailed description on the extra- and intracellular challenges encountered by 

systemically applied nucleic acids, as well as the non-viral strategies used to improve the 

efficiency of nucleic acids, the reader is referred to Chapter 2 of this thesis. 

 

 

 

 

 

 

 

 

 

Figure 2. Carrier systems used in gene therapy clinical trials 

(http://www.wiley.co.uk/genetherapy/clinical/, updated July 2007). 
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Viral gene delivery systems 

Viral vectors are biological carriers that can incorporate DNA and are evolved to deliver 

their DNA into host cells in a very efficient manner [5, 15]. The majority of the conducted 

gene therapy clinical trials have been using viral systems (Figure 2) [3]. The most 

commonly used viral vectors are derived from adenoviruses, adeno-associated viruses, and 

retroviruses [15]. Whereas adenoviruses are extremely efficient in the transduction of most 

tissues, they are highly immunostimulatory and are unable to integrate the DNA into the 

host cell genome. Retroviruses, and to a lesser extent adeno-associated viruses, have the 

ability to integrate their DNA, resulting in persistent gene transfer into the target cells. 

However, DNA integration has led to the induction of oncogenesis in some applications 

[16]. Due to their considerable immunostimulatory activity, most studies with viral vectors 

make use of loco-regional administration [15]. 

 

Non-viral gene delivery systems 

Positively charged lipids and polymers can electrostatically interact with the negatively 

charged phosphate-groups of the DNA, resulting in the formation of nano-sized complexes, 

commonly referred to as lipoplexes and polyplexes, respectively. Compared to the viral 

delivery systems, the non-viral systems are characterized by low transfection efficiencies 

[15]. However, the non-viral delivery systems are considered to be superior in terms of 

safety and scale-up issues. Moreover, the latter systems are highly versatile, i.e. by varying 

the composition of the non-viral carrier systems and by the chemical conjugation of 

additional functionalities, one can adjust the properties of the non-viral systems and tailor 

them to the desired application [17-19].  E.g. the addition of cholesterol to the composition 

of cationic lipoplexes has shown to improve the stability of the resultant lipoplexes in blood 

[20, 21], and the conjugation of poly(ethylene glycol) (PEG) to the surface of preformed 

polyplexes has demonstrated to prolong its pharmacokinetics [22]. It is expected that the 

continuous optimization of the non-viral nucleic acid delivery systems ultimately will 

enable them to rival with the virus-based systems [15]. 
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Lipoplexes 

Lipoplexes are complexes formed by the interaction of DNA with positively charged 

vesicles, based on the self-assembly of amphiphilic lipids [23, 24]. The morphology of the 

lipoplexes can vary from vesicles to tubular structures, depending on several factors like e.g. 

lipid composition, lipid-to-DNA ratio, speed of mixing etc. The most widely used cationic 

lipids for DNA delivery are 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) and     

N-[1-(2,3- dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA). So far, over 

a hundred clinical trials have been carried out using lipoplexes [3]. Upon i.v. administration, 

cationic liposome complexes have shown drastic lung clearance [25, 26]. Toxicity issues 

and the difficulties encountered in controlling the morphology of the complexes are likely to 

limit the value of lipoplexes for i.v. administered gene therapy [27]. 

 

Polyplexes 

Polyplexes are nano-sized, spherical particles, formed by the condensation of DNA by 

cationic polymers (Figure 3). Currently, the most widely used polymers for DNA delivery 

carriers are the polymers poly-L-lysine (PLL), polyethylenimine (PEI), and different 

cationic dendrimers.  

 

  
Figure 3. Formation of polyplexes from a linear cationic polymer and DNA. 

 

Current polymers for gene delivery 

PLL is a linear, cationic, and enzymatically degradable polymer with a high DNA binding 

capacity. However, for efficient transfection activity, polyplexes based on PLL rely on 

additional modifications in order to escape their destruction within the lysosomes [28, 29]. 

PLL polyplexes have shown significant cytotoxicity [30]. The clearance of intravenously 
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administered cationic PLL polyplexes from the bloodstream could be reduced by the 

stabilization of PLL polyplexes with a PEG-based crosslinker [31-33]. PLL, PEI as well as 

most other linear cationic polymers typically demonstrate a broad molecular weight 

distribution, which is difficult to control. The polymer molecular weight has found to be an 

important parameter in determining the (cyto)toxicity and transfection activity of polyplexes 

[30, 34, 35]. 

PEI is a cationic, non-degradable polymer with a branched or linear topology which is 

commonly used for the delivery of DNA but also other nucleic acids like siRNA [36]. 

Complexes of nucleic acids and PEI have a high buffering capacity and therefore have an 

efficient proton-sponge [37]. For gene transfer purposes, so far the linear and relatively low 

molecular weight PEI22 (Mw 22 kDa) has shown superior transfection efficiency, and is 

therefore referred to as the golden standard in non-viral gene delivery [36]. PEI polyplexes 

generally show considerable in vitro and in vivo toxicity [38, 39]. PEI has been subject to an 

array of modifications, for improving e.g. circulation, cellular uptake, and intracellular 

processing [40]. The shielding and/or targeting of PEI polyplexes (with PEG and transferrin, 

respectively) has successfully limited the acute toxicity and lung gene expression of PEI 

polyplexes after systemic application, concomitantly enhancing the selectivity of gene 

expression at the distant tumor site [41]. 

Cationic dendrimers based on polyamidoamine (PAMAM) and polypropylenimine (PPI), 

are a class of spherical, highly branched polymers which have been used in i.v. cancer gene 

delivery [13, 42, 43]. Compared to most other cationic polymers used for gene delivery, 

dendrimers have a smaller molecular weight distribution [13, 44]. A challenge regarding the 

use of dendrimers for gene delivery is the rather difficult and time-consuming synthesis. 

 

Results so far 

Several nucleic acid delivery vehicles based on the current polymers have shown efficacy in 

pre-clinical cancer studies (Table 1). To our knowledge, only one clinical trial has been 

conducted using a cationic polymer for nucleic acid delivery. In this study, two patients 

suffering from recurrent bladder carcinoma were treated with locally injected polyplexes 

consisting of linear PEI and DNA encoding for the A-fragment of diphtheria toxin (DT-A) 

[45].  
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Table 1. A selection of in vivo nucleic acid anticancer studies utilizing cationic polymers for tumor 

delivery 

(DT-A: A-chain of diphtheria toxin, TNF-α: Tumor Necrosis Factor-alpha, Tf: Transferrin,      

VEGF R2: vascular endothelial growth factor receptor-2, RGD-PEG-PEI: PEI PEGylated with an 

Arg-Gly-Asp (RGD) peptide ligand attached at the distal end of the poly(ethylene glycol),           

PPI: polypropylenimine, IL-12: Interleukin-12, p53: tumor suppressor protein 53). 

 

Author Application System Results 

Hochberg et al., 
Jerusalem,Israel 
[45] 
 
 

Bladder carcinoma, 
clinical, local 
administration 

DNA encoding for 
DT-A, complexed 
with jetPEITM  

> 85% tumor 
remission 

Wagner et al., 
München,Germany 
[46, 47] 
 
 

Diff. murine s.c. tumors 
models, 
i.v. administration 

DNA encoding for 
TNF-α, complexed 
with Tf-PEI 
analogues 

Significant tumor 
growth retardation 

Woodle et al., 
Rockville,USA 
[48] 
 
 

Murine s.c.  
tumor model, 
i.v. administration 

SiRNA inhibiting 
VEGF R2, complexed 
with RGD-PEG-PEI 

Strong tumor 
growth retardation 

Schätzlein et al., 
Glasgow,UK  
[43] 
 
 

Diff. murine s.c. tumors 
models, 
i.v. administration 

DNA encoding for 
TNF-α, complexed 
with PPI-dendrimers 

Strong tumor 
growth retardation 
and tumor 
regression 

Kim et al.,  
Salt Lake City, USA 
[49] 
 
 

Murine s.c. tumor and 
lung metastasis model, 
i.t. and i.v. administration, 
respectively 

DNA encoding for 
IL-12, complexed 
with cholesterol-
conjugated PEI  

Tumor growth 
retardation (s.c. 
tumor), reduction 
number metastases 

Behr et al.,  
Illkirch,France  
[50] 

Murine s.c. tumor model, 
i.t. administration 

DNA encoding for 
p53, complexed with 
glucosylated PEI 

Tumor growth 
retardation 

 

In order to promote clinical application of cationic polymers for nucleic acid delivery, some 

important concerns regarding the use of these carriers need further attention. 

Most systems based on the current cationic polymers are characterized by a considerable    

in vitro cytotoxicity. Cytotoxicity of cationic polymers has been attributed to the damaging 



Cationic polymers for nucleic acid delivery to tumors, De Wolf, Chapter 1 

 10 

effects of the polycation on the cell membrane integrity, as a result of the multiple 

attachment to the negatively charged outer and inner cell membranes [51]. 

The in vivo transfection of polyplexes (and lipoplexes) is associated with rather low and 

short-lived levels of gene expression. One explanation for the somewhat disappointing gene 

expression levels lies in the toxicity mediated by the colloidal gene delivery systems. 

Immune stimulation by the delivery systems can elicit a profound systemic inflammatory 

response which is considered to repress plasmid promoter activity and guide toxicity 

towards transfected cells and transgene products [52]. Moreover, local toxicity of a carrier 

system towards the transfected cells can lead to cell death and thereby arrests the cellular 

production of protein [36, 53]. Interestingly, a recent study has suggested a second 

explanation for the limited gene expression profiles by cationic carriers. The authors made 

likely that the electrostatic interaction of residual cationic carriers with mRNA interferes 

with its translation by inhibiting the recognition by ribosomal RNA [54]. 

 

 

 

 

 

 

 

 

 

 

Box 1. Current polymers for gene delivery 

Molecular structure 

- E.g. PEI, PLL, PPI-dendrimers 

- Extensively modified 

Shortcomings 

- Poor degradability 

- Considerable toxicity 

- Low and short-lived gene expression 

- Molecular weight distribution difficult to control 
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Degradable polymers for gene delivery 

Biodegradable cationic polymers are an emerging generation of polymers within the field of 

nucleic acid delivery. Labile bonds, incorporated in the polymer back-bone or in the cationic 

side groups of the polymer make the polymers susceptible for hydrolytic, enzymatic or 

reductive degradation.  

 

Advantages 

Polymer degradation is used as a tool to overcome some of the short-comings associated 

with the non-degradable polymers currently used for nucleic acid delivery.  

The long-term toxicity of polyplexes based on biodegradable polymers is likely to be 

reduced as the degradation of the polymer in smaller fragments minimizes toxicity elicited 

by the intracellular accumulation of residual, polycationic structures. 

Polymer degradation might also affect the gene expression efficiency, mediated by 

polyplexes. Degradation can be used as a tool to control the intracellular release of nucleic 

acids. Also, the degradation-associated reduction in cytotoxicity is presumed to add to the 

level and duration of gene expression by limiting toxicity towards transfected cells. Finally, 

polymer degradation might be beneficial for the transfection efficiency of polyplexes by 

limiting the interference of residual intracellular polymer with mRNA translation. 

 

Categories 

Based on their molecular structure, biodegradable gene delivery polymers can be divided 

into different categories. Many degradable cationic polymers have been synthesized, by 

cross-linking low molecular weight PEI oligomers or oligopeptides (800 to 1600 Da) with 

cleavable linkers [55-66]. Degradation of these polymers ultimately leads to low molecular 

weight non-degradable oligomers which can be excreted by the kidneys. Fully degradable 

polymers have been synthesized, by introducing hydrolytically sensitive groups in the main 

chain of the polymer (e.g. p(DMAEA)-ppz, Chapter 4) [67-77]. Finally, polymers have been 

synthesized by grafting  cationic side-groups via hydrolysable bonds to the backbone of a 

water soluble non-charged polymer. Hydrolysis leads to the removal of the polymer side-

groups, leaving the uncharged polymeric backbone intact. Methacrylamide-based polymers 

(e.g. pHPMA-DMAE, Chapter 6) [74, 78] studied in this thesis belong to the latter category.  
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Results so far 

So far, studies on the use of degradable polymers in gene delivery have mainly focused on 

the degradation kinetics of the polymers, their cytotoxicity and their in vitro transfection 

activity. The degradation rate of the polymers has shown to be tailorable by changing the 

degradable linker as well as the polymer’s topology. Reported polymer half-lives at 

physiological pH varied from hours to months. Generally, polyplexes based on degradable 

polymers have shown only limited cytotoxicity and considerable in vitro transfection 

activity. However, due to differences in experimental set-up, results are variable and 

difficult to compare. 

Few studies have been published which considered the in vivo characteristics of polyplexes 

based on biodegradable polymers. Kloeckner et al. demonstrated that polyplexes consisting 

of a degradable polymer based on 800 Da PEI-oligomers were suitable for intravenous 

administration, but they did not provide in vivo transfection data [59-61]. Thomas et al. 

showed considerable organ transfection activity of several polyplex systems based on 

different acrylate cross-linked PEI-oligomers after intravenous administration, but results 

are difficult to judge as the authors did not include the transfection activity of a reference 

system [63]. Wang et al. have tested polyplexes based on different polyphosphoesters for 

transfection activity after intramuscular and intrathecal administration [71, 79]. The 

complexes showed increased gene expression compared to naked DNA. Anderson et al. 

demonstrated tumor growth inhibition after the intratumoral injection of polyplexes 

consisting of a biodegradable poly(β-amino ester) and DNA encoding for the A-chain of 

diphtheria toxin [80]. 

 

Taken together, much effort has been made to synthesize biodegradable polymers in an 

attempt to reduce the concerns regarding the toxicity of the current generation of gene 

delivery systems. So far, several degradable polymers have been synthesized. Polyplexes 

based on these polymers have demonstrated limited cytotoxicity and considerable in vitro 

transfection activity. However, only a few reports have elaborated on the in vivo 

performance of biodegradable polyplexes for cancer gene therapy. Such studies are needed 

to assess the potential value of biodegradable polymers as delivery vehicles for DNA.  
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Box 2. Degradable cationic polymers for gene delivery 

Mechanism 

- Hydrolytic, enzymatic or reductive degradation 

- Polymer chain or side-group degradation  

Aim 

- Limit toxicity 

- Improve gene expression 

Results so far 

- Limited cytotoxicity  

- Considerable in vitro transfection activity 
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AIMS AND OUTLINE 

The primary aim of this thesis was to improve the delivery of nucleic acids to tumors by 

applying new, cationic polymers. To this end, polyplexes based on the biodegradable 

cationic polymers p(DMAEA)-ppz and pHPMA-DMAE were investigated regarding their  

in vivo tumor transfection activity in different murine tumor models. In addition, different 

non-degradable cationic carriers were evaluated for their capability to deliver nucleic acids 

to a distant tumor site. Furthermore, optimization was explored by addressing the effect of 

polymer molecular weight and bacterial motifs present in plasmid DNA on the tumor 

transfection activity of polyplexes. 

 

Chapter 2 is a literature-study reviewing the nanotechnological strategies that have been 

used for improving the pharmacokinetics, biodistribution and intracellular trafficking of 

nucleic acids. In Chapter 3, several established non-degradable polymer- and liposome-

based nucleic acid formulations are studied for their ability to deliver nucleic acids to a 

subcutaneous tumor, after intravenous administration. In Chapter 4, the in vitro transfection 

and toxicity characteristics, tumor accumulation and tumor gene expression displayed by 

polyplexes based on the biodegradable p(DMAEA)-ppz are compared with polyplexes 

based on PEI22, in the same subcutaneous tumor model. Chapter 5 studies the effect of the 

molecular weight of p(DMAEA)-ppz on the efficiency/toxicity ratio of p(DMAEA)-ppz 

polyplexes for in vitro and in vivo tumor transfection. In Chapter 6, polyplexes based on a 

series of cationic methacrylamide-based polymers are studied for their tumor transfection 

activity in a murine ovarian cancer model, after local administration. Special attention is 

paid to the polyanion sensitivity of the polyplexes. In Chapter 7, the effect of a specific 

bacterial plasmid motif (CpG dinucleotide) on the level and duration of tumor gene 

expression mediated by PEI polyplexes and DOTAP/DOPE lipoplexes is investigated. 

Chapter 8 provides a summary on the obtained results, as well as some future perspectives. 
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ABSTRACT 

At present, there are no intravenously administered nucleic acid-based therapeutics that 

have been approved for human use. This reflects the difficulties of applying nucleic acid-

based drugs: they are nuclease sensitive and have difficulties in reaching their site of action. 

Important challenges for intravenously administered nucleic acid formulations is the ability 

to efficiently transport the nucleic acids in the circulation, to direct nucleic acids to the 

desired cell type and to steer their intracellular processing. Here, we evaluate 

nanotechnological strategies that improve the pharmacokinetics and colloidal stability of 

nucleic acids in the bloodstream, focus biodistribution towards the target tissue and facilitate 

interaction with and trafficking within the desired cell type.  
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EXECUTIVE SUMMARY 

Currently approved nucleic acid-based drugs 

• At present there are two nucleic acid-based drugs (Vitravene™ and Macugen™) that 

are marketed. Both are oligonucleotides, contain chemically modified backbones and 

are injected at the site of the pathology in the eye. 

 

Difficulties in nucleic acid delivery 

• At present there are no intravenously administered nucleic acid-based therapeutics.  

• The main obstacles for therapeutic efficacy of nucleic acid-based drugs are a 

charged and hydrophilic character and nuclease sensitivity.  

• These characteristics hinder efficient target site interaction after local injection, let 

alone after intravenous administration where colloidal stability and target tissue 

distribution poses an additional hurdle. 

 

Formulation of synthetic vectors 

• A variety of cationic molecules have been employed to complex nucleic acids into 

nanoplexes for intravenous use. 

• Among the most popular are polyethylenimine, poly-L-lysine, poly-histidine-lysine, 

dendrimers and cationic lipids. 

• The resulting nanoplexes can be characterized in vitro regarding size, charge, 

nuclease resistance and transfection activity. 

• Nevertheless in vitro-in vivo correlation is difficult. As a consequence, in vivo 

optimization steps are required. 

 

Transport in the blood stream 

• Nuclease sensitivity, rapid clearance and colloidal instability are the most important 

obstacles following intravenous injection. 

• Nanoplex complexation strength and charge-shielding by a coating positively affects 

colloidal stability and nuclease resistance. Furthermore, it opposes fast renal 

clearance and inhibits uptake by nucleic acid receptors. 
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Tissue distribution 

• Opsonization, formation of aggregates and immune activation are the most important 

obstacles to achieve tumor localization. 

• The intrinsic properties of the cationic molecule and the efficiency of the charge-

shielding are valuable tools to overcome these obstacles. 

 

Target cell interaction and intracellular trafficking  

• Shielding decreases target cell interaction. 

• When target cell uptake does occur, escape from endocytic vesicles is generally 

poor. 

• Functionalization with targeting ligands can improve cell interaction and helper 

molecules can improve escape from endocytic vesicles. 

 

Future perspectives 

• Ideal nanoplexes would complex nucleic acids into compact, shielded particles that 

are inert in the blood stream. They would expose targeting ligands through 

controlled shedding of the shielding polymer for target cell specific uptake, which 

would trigger helper molecules to facilitate endosomal escape and would lead to 

controlled degradation of the complexing polymer. Other helper molecules would 

direct intracellular trafficking of the nucleic acid towards the site of action.  
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INTRODUCTION 

Currently, there are no intravenously administered nucleic acid-based therapeutics on the 

market. The two nucleic acid-based therapeutics (one antisense oligonucleotide and one 

aptamer), which are marketed are locally injected in the eye to treat ophthalmic disorders. 

Vitravene™ (fomivirsen) is an antisense oligonucleotide which is applied for the treatment 

of cytomegalovirus-induced retinitis in AIDS patients [1]. Fomivirsen is injected directly 

into the vitreous. The 21-mer oligonucleotide has a thioate-backbone which limits nuclease 

degradation (Figure 1A). Local injection at the pathological site promotes target cell 

accumulation. The other drug, Macugen™ (pegaptanib), is an aptamer which is marketed 

for wet age-related macular degeneration [2]. The aptamer is also injected in the vitreous. 

To increase stability, the majority of nucleotides in the aptamer are 2’-O-methyl and 2’-O-

fluoro-modified and the aptamer is conjugated to two poly(ethylene glycol) (PEG) chains 

(Figure 1B). This stabilizes the aptamer in solution and increases clinical tolerability in the 

eye. 
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Figure 1. Sequence of Vitravene™ (fomivirsen (A)) and Macugen™ (pegaptanib (B)). Fomivirsen is 

a single stranded antisense oligonucleotide which has a length of 21 nucleotides linked via nuclease-

resistant thioate bond, that binds to viral mRNA. Pegaptanib is an aptamer with a suggested 

secondary hairpin-structure. The oligonucleotide has a length of 27 nucleotides that are 2’-O-

methyl or 2’-O-fluoro-modified. The aptamer binds to vascular endothelial growth factor and 

thereby inhibits its activity. The 5’-end of the aptamer is modified with two PEG-chains of 20 kDa 

each (not to scale). 

 

In addition, the majority of small interfering RNA-based drugs that are currently in clinical 

trials also target ophthalmic disorders after local injection, underlining the popularity of this 

therapeutic approach [3]. The fact that these oligonucleotides are chemically modified 

reflects the main obstacles for therapeutic efficacy of nucleic acid-based drugs after local 

delivery: a charged and hydrophilic character and nuclease sensitivity. These characteristics 

hinder efficient target site interaction and therefore local injection at the location of the 

pathology is preferred over intravenous administration, even when the drug is an 

extracellular protein-binding aptamer as for Macugen™. In this case, target cell 

internalization is not needed, but nuclease sensitivity, large size and negative charge are still 

major factors limiting efficacy, making local injection the preferred administration route. 

Although chemical modifications can provide important benefits for nuclease resistance of 

oligonucleotides, longer oligonucleotides and plasmids are more difficult to change 

5'-G-C-G-T-T-T-G-C-T-C-T-T-C-T-T-C-T-T-G-C-G-3' 

10 20A B 
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chemically. In addition, apart from introducing nuclease resistance, one should be aware 

that chemical modifications can have a negative impact on biodistribution and nucleic acid 

function [4]. The approach taken for these marketed drugs is to make the transport step as 

short as possible by using local injection. However, confinement to local injection seriously 

limits therapeutic applications of nucleic acid-based pharmaceuticals.  

Here, we discuss approaches using synthetic nanoplexes as vectors for nucleic acid delivery 

to overcome the difficulties faced by nucleic acids upon intravenous administration with 

special emphasis on delivering nucleic acids to tumors and to the desired target cell type 

within tumor tissue. 

 

FORMULATION OF SYNTHETIC VECTORS AND IN VITRO TESTING  

Development of nucleic acid formulations -referred to as nanoplexes- starts with appropriate 

molecules that can bind or encapsulate the nucleic acids, preferably into particles in the 

nanometer range. Some approaches make use of the aqueous core of neutral liposomes to 

encapsulate the nucleic acids, but the encapsulation efficiency of this method is poor. The 

most popular and economic way to form synthetic vectors is by electrostatic complexation 

with cationic molecules [5-8]. (Some of) the nitrogen-atoms in such molecules are 

positively charged at physiological pH, leading to electrostatic interactions with the nucleic 

acid. At appropriate ratios of positive to negative charge (or cationic nitrogen to anionic 

phosphate ratio also known as N/P ratio) nucleotides will interact with the cationic 

molecules and self-assemble to form nanoplex particles. For plasmids, this process will also 

cause a certain degree of condensation which is important to reach the desired submicron 

size. An excess of (usually positive) charge can ensure colloidal stability of the nanoplex 

formulation. Several popular cationic molecules are shown in Figure 2. 
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Figure 2. Popular cationic excipients for use in synthetic vectors are branched polyethylenimine 

(PEI), poly-L-lysine (PLL), and 1,2-dioleoyl-3-trimethylammonium propane (DOTAP). 

 

Polymers 

Cationic polymers are among the most widely used vectors for in vivo nucleic acid transfer. 

By combining different (functionalized) polymers and varying the N/P ratios, one can 

theoretically tailor the nanoplex properties regarding physicochemical characteristics [9,10]. 

On the downside, these polymers often have a broad molecular weight distribution and are 

often poorly characterized. Such differences can affect many aspects of the nucleic acid 

transfer process. In addition, it has proven difficult to combine efficient nucleic acid transfer 

with low toxicity in vitro and in vivo. 

 

PEI 

One of the most commonly used polymers for in vivo nucleic acid delivery is 

polyethylenimine (PEI) [11]. PEI is the basis for a class of synthetic linear or branched 

polymers which are commercially available in a wide range of molecular weights, ranging 

from <1 kDa to >1000 kDa. Intermediate molecular weight PEIs of 25 kDa with a branched 
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structure as well as PEI 22 kDa with a linear conformation are most often used for delivery 

in vivo. PEIs show some degree of in vitro cytotoxicity, related with their intrinsic high 

charge density. Additionally, cytotoxicity increases with molecular weight. It is suggested 

that polymer branching contributes to the toxic effect, presumably due to stronger 

electrostatic interactions with cellular anionic macromolecules. Besides the molecular 

weight and the degree of branching, the N/P ratio is critical for the minimization of 

cytotoxicity while preserving satisfactory transfection efficiency. PEI has a strong buffering 

capacity between pH 7 and pH 5. Particles that are taken up by cells into endosomes by cells 

experience a gradual lowering of pH from neutral to 5. Thus, PEI-based particles are able to 

buffer endosomal acidification which reduces nucleic acid degradation. This buffering 

process has been often claimed to lead to lysis of the endosomes, known as the ‘proton 

sponge’ effect of PEI [12]. However, it has been found that alternative non-acidifying 

endocytic pathways may be responsible for the efficient transfection which would limit the 

value of this endosomal escape property of PEI [13,14]. As PEI has been reported to 

localize in the nucleus after cellular uptake of PEI-based nanoplexes, PEI may offer special 

advantages for nuclear delivery of nucleic acids [15].  

 

PLL 

Poly-L-lysine (PLL) is a cationic polypeptide with the amino acid lysine as the repeating 

unit. PLL can be synthesized using various strategies leading to PLLs with different 

molecular weights (typically 1 kDa up to >300 kDa), in linear conformation or as highly 

branched polypeptide [16,17]. PLLs are enzymatically degradable, which makes them 

attractive for in vivo applications. However, PLL on their own do not appear to be 

sufficiently able to mediate endosomal escape, minimizing their in vivo applicability. 

Successful transfection can be achieved in vitro through co-application of PLL with the 

lysosomotropic agent chloroquine, which can cause endosomal lysis [18]. Besides 

chloroquine, co-application with a fusogenic peptide can also be used to increase 

transfection levels. Fusogenic peptides undergo pH-related conformational changes. As the 

endosome acidifies the fusogenic peptide changes conformation, leading to fusogenic 

destabilizing activity towards the endosomal membrane. This has been shown to mediate 

successful delivery into the cytosol [19]. A drawback of PLL is that it suffers from 
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immunogenicity and toxicity caused by its repeating cationic lysine structure. Also for PLL, 

molecular weight is positively correlated with cytotoxicity and transfection efficiency [20].  

 

Histidine-Lysine-polymers 

A variation on the PLL-theme are the histidine-lysine (HK)-polymers [21,22]. These are 

polypeptides which, in addition to lysines, also have histidines in the repeating unit. The 

percentage of histidines in the polymer can be varied, as well as the spatial conformation of 

the polymer. HK-polymers condense and protect nucleic acids in a similar way as PLL does, 

but the additional histidine groups appear to offer an advantage as their buffering capacity 

may contribute to enhancement of endosomal escape and therefore inhibition of nucleic acid 

degradation. For plasmid DNA, HK-polymers showed better in vitro transfection efficiency 

than a combination of PLL and chloroquine. Optimal transfection with HK-polymers 

depends on its degree of branching and composition of the histidine-lysine chains [23]. 

 

Dendrimers 

Dendrimers are spherical, highly branched polymers [24-26]. They consist of a central core, 

from which multiple identical, perfectly branched arms (dendrons) emanate. The number of 

dendrons depends on the multiplicity of the core. Dendrimers are divided into different 

generations, determined by the number of branch points of the dendrons. Because of the 

many end groups, dendrimers can have high charge densities. The most commonly used 

dendrimer is polyamidoamine (PAMAM), which is available commercially with a wide 

variety of generations and peripheral functionalities. Also often used are polypropylenimine 

(PPI) dendrimers, which contain terminal amino groups similar to PAMAM. The outer 

amines enable efficient condensation of nucleic acids and protection from serum nucleases. 

The inner amines are available for buffering capacity during endo-lysosomal acidification, 

thus inhibiting degradation and enabling endosomal escape. These effects seem to be more 

prominent for dendrimers of higher molecular weight [27]. Dendrimers can be synthesized 

in a very controlled manner. This level of control can produce polymers with a very low 

degree of polydispersity, which offers an advantage over other polymers such as PLL that 

usually are generated with higher polydispersity. The toxicity of cationic PAMAM 

dendrimers increases with each generation, but this is not the case for PPI dendrimers [28]. 
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The most widely studied PAMAMs are only degradable under harsh conditions and 

hydrolysis proceeds slowly at physiological temperatures. 

 

Biodegradable polymers 

Biodegradation of the polymeric backbone can be used as a tool to prevent cellular 

accumulation of polymers of a molecular weight exceeding the renal glomerular filtration 

window. For this reason, labile bonds are incorporated within the polymer backbone, 

leading to hydrolytic degradation (e.g. ester bonds), reductive degradation (e.g. disulfide 

bridges) or enzymatic degradation. So far, these polymers have demonstrated 

biodegradability under physiological conditions and can combine a high biocompatibility 

with significant transfection efficiency [29].  

  

Cationic lipids 

Cationic lipids consist of a positively charged polar head group (often amines) and a 

hydrophobic moiety. The structure of the hydrophobic moieties and the polar head groups 

cause the cationic lipids to assemble into liposomes when they are dispersed in aqueous 

solutions [30]. By mixing liposomes and nucleic acids, the liposome structure collapses and 

rearranges into nanoplexes consisting of nucleotide chains folded in cationic lipid 

envelopes. The ratio between the cationic charge of the liposome and the negative charge of 

the nucleic acid usually controls the size, surface charge, and morphology of the resulting 

nanoplex, although lipid composition can additionally affect these characteristics [31,32]. 

Nanoplexes are generally formed with a slight excess of positive charge to permit them to 

interact with negatively charged cell membranes, leading to endocytosis. To stabilize the 

system and to facilitate endosomal escape, the cationic lipids are often mixed with helper 

lipids. The most commonly used helper lipids are cholesterol and dioleoyl 

phosphatidylethanolamine (DOPE). DOPE has the ability to promote alteration of the 

lamellar structure of lipids in the lipoplex into a non-lamellar structure. This could explain 

DOPE’s ability to improve cationic lipid-mediated transfection efficiency [33,34]. 

Furthermore, lipoplexes containing DOPE may bind DNA less tightly which could facilitate 

eventual DNA dissociation and thereby enhance transfection efficiency [35]. The choice of 

the hydrophobic moiety of the cationic lipid is predominantly between a two hydrocarbon 
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chain or cholesterol moiety. Cationic lipids with hydrocarbon chains commonly have chain 

lengths of 8 to 18 carbons and are either saturated or mono-unsaturated. It has been found 

that longer hydrocarbon chains allow for better transfection in vivo [36]. Additionally, 

mono-unsaturated fatty acid chains give better transfection results, but long-term storage of 

these lipids can pose a problem because double bonds are susceptible to oxidation [37]. 

Cationic lipids with hydrocarbon chains include monovalent and multivalent lipids. 

Commonly used monovalent lipids are 1,2-dioleoyl-3-trimethylammonium propane 

(DOTAP, Figure 2), N-[1-(2,3,-dioleyloxy)propyl]-N,N,N-trimethylammoniumchloride 

(DOTMA), and N-(2-hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)-1-propanaminium 

bromide (DMRIE). Commonly used multivalent lipids are 2,3-dioleoyloxy-N-[2-

(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium (DOSPA) and dioctadecyl 

amido glycil spermine (DOGS). The most-popular cholesterol-based cationic lipid is 3,3[N-

(N',N'-dimethylaminoethane)carbamoyl]-cholesterol (DC-Chol). Cholesterol has been found 

to offer rigidity to the lipid envelope. 

Proprietary formulations of cationic lipids are commercially available. An example is the 

widely used transfection reagent Lipofectamine (Invitrogen, Carlsbad, CA), which is a 3:1 

(w/w) lipid formulation of DOSPA and DOPE [38]. Also available are Effectene (Qiagen, 

Valencia, CA), and Tranfectam (Promega, Madison, WI). However, most of these 

transfection kits are useful for in vitro experimentation only. Despite the success of cationic 

lipids in gene transfer, both in vitro and in vivo toxicity is of considerable concern. Serious 

cytotoxicity of cationic lipids has been established in numerous studies in vitro [39]. In vivo 

toxicity appears related to aggregate formation in the bloodstream and enhanced 

immunogenicity of encapsulated nucleic acids, possibly because of their resemblance to 

pathogenic structural elements [40,41].  

 

IN VITRO-IN VIVO CORRELATION 

The characteristics of the nanoplexes regarding complexation behavior, size, charge, 

nuclease resistance, and transfection activity can be tested in vitro (Figure 3). It is important 

to note that the use of identical cationic material, equal N/P ratios and the same buffer, is not 

a guarantee for complete control over the resulting particle characteristics. An additional 

factor that needs to be taken into account is the way in which the complexes of the nucleic 
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acids and cationic molecules are being prepared. For example, rapid mixing usually results 

in better defined complexes than slow and stepwise titration of components, indicating 

differences between kinetically and thermodynamically driven processes that occur 

simultaneously during complex formation [42-44]. 

  
 

Figure 3. Self-assembly of nucleic acid and cationic carrier into nanoplexes. The nanoplexes can be 

evaluated in vitro regarding complex formation and nanoplex characteristics, like size and charge, 

nuclease resistance and transfection activity. 
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Figure 4. Flowchart describing consecutive steps in designing synthetic vectors for intravenous 

administration of nucleic acids.  
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Apart from the difficulties in preparing reproducible batches of nanoparticles, in vitro-       

in vivo correlation of the performance of nucleic acid carrier systems is difficult. It appears 

challenging to mimic all the complex barriers that can prevent target cell transfection in a 

living animal in an in vitro system [45,46]. As this is currently not possible, parts of the 

optimization require in vivo experimentation. The most important steps in nucleic acid 

delivery in vivo are outlined in the flowchart shown in Figure 4.  

  

IN VIVO OPTIMIZATION 

 

Transport in the bloodstream 

After intravenous injection, plasma nuclease degradation of the nucleic acid is the first 

barrier that needs to be overcome for therapeutic nucleic acid action. Nucleic acids can be 

degraded by hydrolytic endo- and exonucleases. Both types of nucleases are present in 

plasma. Nucleic acids that have secondary structures, such as hairpins, loops or snail-like 

structures, appear to be more nuclease resistant in biological media and inside cells than 

linear nucleic acids [47]. In general, double-stranded molecules are more resistant than 

single-stranded molecules, and DNA is more resistant than RNA. Nevertheless, unmodified 

nucleic acids generally stay intact for only a few minutes within the circulation irrespective 

of their structure. For example, plasmid DNA is degraded with a half-life of approx.           

5-10 min, whereas single-stranded antisense DNA is degraded at an even faster rate. These 

observations indicate that increasing nuclease resistance is critical for achieving therapeutic 

effects.  

Naked nucleic acids are not only rapidly degraded upon intravenous injection, they are also 

rapidly cleared from the circulation further limiting target tissue localization. 

Oligonucleotides with a molecular weight <30 kDa are subject to glomerular filtration [48]. 

In addition, a special 45 kDa protein expressed on renal brush border cells is responsible for 

uptake of single stranded oligonucleotides [49]. Larger nucleic acids are usually taken up by 

the liver, primarily by endothelial cells and Kupffer cells. This uptake is mediated by 

receptors that have affinity for the polyanionic character of the nucleic acids and can be 
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inhibited by co-administration of competing polyanions like polyI and dextrane sulphate 

[50].  

 

The complexation of nucleic acids with cationic carriers to form positively charged 

nanoplexes, serves several purposes. First, nuclease degradation of the nucleic acid in 

complexed form is inhibited. Second, complexation increases the apparent molecular weight 

of oligonucleotides to prevent renal excretion and masks the nucleic acids negative charge 

that is responsible for the renal receptor-mediated uptake. However, the presence of 

negatively charged plasma proteins within the blood stream (most notably albumin, 

fibronectin, macroglobulin, and high and low density lipoproteins) can result in the 

destabilization and subsequent dissociation of the complexes [51,52]. 

To improve nuclease resistance and colloidal stability, complexation strength is an 

important factor. Complexation strength can be increased by increasing the N/P ratio used, 

by increasing the charge density, by changing the spatial conformation of the cationic agent 

or by increasing the molecular weight of the cationic compound.  

Complex binding strength has been previously related with circulation time for PEI and PLL 

based complexes. Using PLL as a gene delivery vehicle, Ward et al. showed that a 

molecular weight of 211 kDa of the polymer resulted in prolonged circulation kinetics, 

compared to low molecular weight PLL (20 kDa). The improved kinetics were accompanied 

by significantly higher spleen and carcass and lower liver accumulation. The poor colloidal 

stability of low molecular weight 20 kDa PLL in saline, as well as its association with both 

erythrocytes and complement factors were suggested to contribute to its faster clearance 

[53]. By comparing three PEI-based polymer nanoplexes, varying in spatial conformation 

and molecular weight (linear 22 kDa PEI, branched 25 kDa PEI, branched 800 kDa PEI), 

Wightmann et al. tried to identify the mechanism behind the efficient in vivo gene transfer 

of linear 22 kDa PEI-nanoplexes. Using salt free buffer, small polyplexes were formed in all 

cases, resulting in a predominant lung transfection, being the highest for 22 kDa PEI. 

Moreover, the application of 800 kDa PEI polyplexes in this setting was associated with 

acute toxicity. Interestingly, 22 kDa PEI complexes, prepared in saline, showed a drastic 

100-fold decline in expression in all organs investigated, possibly as a consequence of 

complex destabilization. In contrast, 800 kDa PEI and 25kDa PEI complexes were stable in 
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saline and organ transgene expression was increased, which was most pronounced for 800 

kDa PEI [54].  

It is noteworthy that complexation strength can also be enhanced when complexes are 

laterally stabilized. By covalently crosslinking PLL complexes, Oupicky et al. demonstrated 

an improved stability and circulation of PLL/DNA complexes [55].  

 

Although complexation increases nuclease resistance, ultimately the nucleic acid needs to 

be released from the cationic complex to exert its action. The former quality needs to be 

maintained during the transport phase of the complex to the target site, whereas the latter 

quality should be effective once localization at the site of action is achieved. At present, 

polymers are designed that are subject to relatively rapid degradation after administration, 

which can contribute to the controlled complex destabilization at the site of action [56]. 

Another elegant strategy to unite these characteristics includes the use of polymers which 

are stable within the extracellular fluids, but -once intracellularly- are subject to enhanced 

degradation. A reductive environment, as well as a low pH are being investigated as triggers 

for degradation [56,57]. 

  

Tissue distribution 

The net cationic charge of the synthetic vector is a determinant of circulation time, tissue 

distribution, and cellular uptake of synthetic vectors, by inducing interactions with 

negatively charged blood constituents like erythrocytes and proteins. The opsonization of 

foreign particles by plasma proteins actually represents one of the steps in the natural 

process of removal of foreign particles by the innate immune system [58]. It has been 

demonstrated that interaction of positively charged nanoplexes with plasma components 

often leads to the formation of aggregates. The larger ones mainly accumulate in the lungs 

(70–80%) early after injection because this is usually the first capillary vascular bed that the 

aggregates encounter [59]. This may result in obstruction of smaller capillaries, possible 

leading to serious complications such as pulmonary embolism [60]. Part of the complexes 

end up in the liver. Here they are removed rapidly via phagocytic capture by scavenger 

receptors on Kupffer cells or via trapping in fine capillary beds [27].  
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Circulating nanoplexes can activate the complement system and it is suggested that a higher 

surface charge correlates to a more extensive complement activation [61,62]. Activation 

occurs through attachment of complement factor C3 to the complex surface and eventually 

leads to complex removal by the mononuclear phagocyte system (MPS). Larger complexes 

have a higher potential of activating the complement system than small complexes.  

Apart from immune stimulation induced by the cationic nature of colloidal systems, 

prokaryotic motifs present in the nucleic acids can elicit an immune response. The early 

innate immune response, resulting from the recognition of unmethylated CpG motifs present 

within the nucleic acids, yields massive interleukin secretion with subsequent toxicity, 

nucleic acid promoter shut down and initiation of the adaptive immune response [63]. The 

late stage adaptive immune response affects nucleic acid delivery by promoting clearance of 

nanoplexes after repeated injections as well as removal of transgene products and transgene-

expressing cells. Complexation of the nucleic acids, especially with cationic lipids, strongly 

enhances the CpG initiated immune responses. The effect of nucleic acid complexation on 

CpG motif induced immune stimulation using cationic polymers is not well understood. It is 

believed to be due to complex-induced changes of the nucleic acid tissue distribution 

towards liver and spleen, as well as to presentation of the nucleic acid towards receptors 

present on the immune cells and the altered intracellular processing of the nucleic acid 

within the immune cells [64]. 

Taken together, nanoplex formation prevents the rapid renal excretion or liver clearance of 

naked nucleic acids, but is at the same time responsible for opsonization, aggregate 

formation and complement activation. Additionally, complexation might enhance CpG 

motif induced immune stimulation. 

 

The extent of the interactions with blood constituents is related to the intrinsic properties of 

the cationic compound (side chain end groups, its spatial conformation and molecular 

weight), as well as the applied N/P ratio. Recently, Thomas et al. illustrated these aspects 

using commercially available PEI-polymers. Chemical deacylation of the linear PEI 25 kDa 

nanoplexes dramatically increased organ gene expression, compared to its unpurified, 

commercially available counterpart. As for molecular weight, the authors demonstrated that 

use of large molecular weight 87 kDa (deacylated) linear PEI-polyplexes improved gene 
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transfer in all major organs 2- to 10-fold compared to the purified 25 kDa linear PEI, an 

effect likely related to a reduced degree of complex-induced aggregation within the 

circulation. Finally, the authors demonstrated how the polymer spatial conformation can 

affect the safety of in vivo gene transfer at high N/P ratios. In contrast to the use of linear, 

commercially available 25 kDa PEI for injection, the use of its branched counterpart 

resulted in the death of all injected mice [65]. 

 

Shielding of the positive surface charge of complexes is currently an important strategy to 

circumvent abovementioned problems. The most popular strategy is based on the 

attachment of water-soluble, neutral, flexible polymers like PEG, poly(vinylpyrrolidone), 

and poly(hydroxyethyl-L-asparagine). These polymers generally display low interfacial 

energy and high flexibility.  The efficiency of the shielding effect of these polymers is 

determined by the polymers’ molecular weight and grafting density of the shielding polymer 

[66]. Longer chain lengths are usually more effective in protecting the particle (surface) 

from aggregation and opsonization, albeit that increasing polymer length beyond 

approximately 3 nm does not confer added value as this length is enough to make the coated 

particle appear neutral [67]. The hydrodynamic plane of shear at the charged particle surface 

is moved by the coating to the edge of the shielding polymer. In physiological ionic strength 

the zeta-potential becomes neutral at 2–3 nm from the particle surface, as the Debye length 

in this milieu is only approximately 0.8 nm. The length of PEG with a molecular weight of   

2 kDa is estimated to be 3 to 5 nm, indicating that for PEG (at its optimal grafting density)   

2 kDa is close to the optimal molecular weight. As a result of the shielding, colloidal 

stability is achieved over a wider range of N/P ratios and opsonization by biomolecules in 

vivo as well as interactions with cells is reduced. On the downside, the interaction with the 

target cells is usually also reduced by applying the shielding strategy. More advanced 

shielding strategies therefore exploit sheddable coatings that are lost at the site of the 

pathology and thereby restore the charge-based cell interaction [68]. 

 

The nanoplexes should arrive within the target tissue to exert their action. The architecture 

of inflamed tissue or tumor tissue provides some opportunities for access of colloidal 

nucleic acid carriers. The discontinuous endothelial cell layer has gaps (depending on tumor 
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type and location) of 100 to 700 nm [69]. This gives nanoplexes the ability to escape the 

vascular bed and migrate into the tissue. The degree of localization of the vector in the 

target tissue is in these cases positively correlated with the circulatory half-life of the vector 

as this increases the statistical probability of extravasation [70]. Despite the shielding, the 

circulatory half-life of coated synthetic vectors is generally only marginally improved, with 

the notable exception of stabilized plasmid-lipid particles and complexes which are shielded 

after complex formation (all have been reported to possess a half-life > 6 hours) [53,60,71]. 

Interestingly, De Wolf et al. recently demonstrated that the value of nanoplexes for 

intravenous delivery of nucleic acids relies only to a limited extent on improvements related 

to the transport phase towards the tumor [72]. When evaluating various nucleic acid 

formulations -from naked nucleic acids to simple cationic complexes to advanced shielded 

formulations- the pharmacokinetics and tumor localization appeared only slightly improved 

for the advanced formulations. However, the latter did show much higher activity. The 

benefits of the more advanced formulations became particularly apparent after the 

extravasation step, being more dependent on the nanoplex-induced changes in the 

intratumoral processing of the nucleic acids rather than on the transport step.  

An alternative strategy is based on targeting the vascular bed, rather than the tissue stroma 

to mediate therapeutic effects. This strategy exploits overexpression of specific receptors on 

the surface of the endothelial cells in the diseased area as compared to expression on 

quiescent endothelium elsewhere in the body [73,74]. One advantage is that the 

extravasation step is not required for achieving therapeutic activity. There have been reports 

showing that slight positive charges can mediate relative selective adherence of slightly 

positively charged colloidal carriers to angiogenic endothelium [75]. In addition, ligand-

based targeting can improve target cell specificity, which is the subject of the following 

section. 

 

Target cell uptake and intracellular trafficking 

Nucleic acids need to be internalized to interact with the intracellular machinery to execute 

their effect, with the exception of aptamers which -dependent on their target- can act 

extracellularly. The positive surface charge of unshielded complexes facilitates cellular 

internalization. The synthetic vector can contain a targeting signal that would be more 
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specific for uptake by the desired target cell type. At present, peptides, proteins and 

carbohydrates and small molecule mimics, have all been used to induce target cell-specific 

internalization [76-79]. For example, transferrin and folate are among the most popular 

targeting ligands used for promoting tumor cell uptake, while Arg-Gly-Asp and Asn-Gly-

Arg-motif containing peptides are ligands specific for endothelial cell uptake.  Most of the 

internalization pathways involve endosomal-lysosomal trafficking. Besides endocytosis via 

the classical clathrin-mediated route, caveolae and lipid-raft-mediated endocytosis and 

macropinocytosis are possibilities for cellular uptake [14,80]. Viruses have been shown to 

exploit the latter endocytic routes but these pathways for cellular entry have not been 

explored as intensively for nucleic acid delivery by synthetic vectors [81-83]. An advantage 

of targeting receptors which are internalized via these routes may be that internalized 

nanoplexes are not confronted with acidification. In a series of experiments Rejman et al. 

showed that PEI-based nanoplexes may actually perform better through the caveolae-

mediated pathway than the clathrin-mediated pathway, whereas the situation was opposite 

for cationic lipid based carriers [13]. Although the implications are not completely clear, 

these studies indicate that the targeting ligand should not only increase specificity for the 

desired internalizing cell type, but also for the preferred internalization pathway. 

The escape from the endocytic vesicles into the cytoplasm is the next step. For clathrin-

mediated internalization the drop in pH is the cue for endosomal escape via proton buffering 

and endosomal membrane destabilization conferred by the cationic carrier, or by pH-

dependent activation of membrane disruptive helper molecules like DOPE or fusogenic 

peptides [84-86]. For the other internalization routes a trigger for release has not been 

exploited yet. 

When a complex has entered the cytoplasm, the complex can stay intact or dissociate, 

liberating the nucleic acid. The high intracellular concentration of nucleic acids and proteins 

could effectuate this release of nucleic acid payload. On the downside, once the 

oligonucleotides are released, they are subject to degradation by intracellular nucleases [87]. 

In addition, the presence of the cationic carrier and nucleic acid in the cytoplasm can disturb 

many cellular processes. The cationic carrier can bind mRNA and regulatory RNAs as well 

as negatively charged proteins, while the nucleic acid can interact with high affinity with 

proteins that have RNA or DNA binding domains. These proteins play important roles in 
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cellular RNA transport, maturation, splicing, stabilization, transcription, translation, and 

structure maintenance. Therefore, exogenous nucleic acids and cationic carriers that bind to 

endogenous proteins and nucleic acids might cause various off-target effects, which may be 

related to the intracellular mechanisms underlying PEI and PLL induced cytotoxicity 

[88,89]. 

For plasmid DNA, the cationic carrier molecule should preferably stay complexed to the 

nucleic acid in the cytoplasm, as the free plasmid has a large hydrodynamic radius which 

virtually blocks diffusion. It has also been demonstrated that plasmids can, similarly as viral 

nucleic acids, use cytoskeletal motors for intracellular transport towards the nucleus [90]. 

Nuclear entry has been found to be a rate limiting step in transfection, and is often 

completely dependent on cell division. Nuclear transport can be improved by the coupling 

of nuclear localization signals, peptides that interact with the intracellular transport 

machinery and the nuclear pore complex. As the nuclear pore complex has a cut-off 

diameter of approximately 40 nm, it has been reported that the plasmid DNA preferably 

needs to stay condensed within very small nanoplexes for nuclear entry [91-93]. 
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FUTURE PERSPECTIVES 

Nanoplexes are generally based on cationic compounds that can self-assemble with nucleic 

acids into colloidal particles. These colloidal systems serve to protect the nucleic acid 

against the action of nucleases, reduce renal excretion, and promote uptake by the target 

cells. For many applications shielding of the net positive surface charge of the nanoplexes 

would be beneficial to avoid destabilization, aggregation, complement activation and 

opsonization, processes occurring in the circulation that can induce side effects and mediate 

rapid uptake by non-target tissues. Shielded particles need functionalization with targeting 

ligands and helper molecules to achieve appropriate interaction with the target cells and to 

escape from endocytic vesicles to facilitate correct trafficking of the nucleic acid to the site 

of action. Finally, dissociation of the nanoplex should occur within the target cells to 

liberate the nucleic acid to fulfil its therapeutic effect. Over the past years we have seen the 

first systems appearing that combine many of these functionalities. A better understanding 

of the rate-limiting steps in the entire transport process of a nucleic acid after intravenous 

injection up to arrival at the intracellular site of action would provide directions for further 

improvement of synthetic vectors for nucleic acid delivery.  
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ABSTRACT 

Nucleic acid based therapeutics are currently being studied for their application in cancer 

therapy. In this study, the effect of different cationic delivery systems on the circulation 

kinetics, tumor localization, and tissue distribution of short interfering RNA (siRNA) and 

plasmid DNA was examined, after intravenous administration in mice bearing a s.c. Neuro 

2A tumor. Nanosized particles were formed upon complexation of siRNA with the cationic 

liposome formulation DOTAP/DOPE and the targeted, cationic polymer RGD-PEG-PEI. 

Both the circulation kinetics and the overall tumor localization of the siRNA complexes 

were similar to non-complexed siRNA. Importantly, the different carriers changed the 

intratumoral distribution of siRNA within the tumor. DNA was effectively condensed with 

linear polyethylenimine (PEI), PEGylated linear PEI (PEG-PEI) or poly(2-dimethylamino 

ethylamino)phosphazene. Only PEG-PEI was able to improve the DNA circulation kinetics. 

All DNA complexes yielded similar DNA tumor localization (1 % of the injected dose,     

60 min after administration). We conclude that the level of nucleic acid tumor localization is 

independent of the type of formulation used in this study. Therefore, the value of carrier 

systems for the intravenous delivery of nucleic acids cannot be solely attributed to benefits 

relevant during the transport towards the tumor. Rather, the benefits are arising from carrier-

induced changes in the intratumoral fate of the nucleic acids. 
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INTRODUCTION 

Nucleic acid based therapeutics are currently being studied for their application in cancer 

therapy as an alternative to chemotherapeutics and protein drugs. Plasmid DNA and short 

interfering RNA (siRNA) show high promise [1-3]. However, as a consequence of the 

physicochemical nature of nucleic acids, their cellular uptake is limited and intracellular 

processing inefficient. Complexation of the nucleic acids with cationic carrier systems can 

strongly improve their cellular interaction [4-6]. The resulting positively charged 

nanoparticles have demonstrated improved cellular adhesion and a more efficient 

intracellular trafficking.  

In addition, upon intravenous administration nucleic acids encounter difficulties in reaching 

the tumor site. They are degraded within the bloodstream by nucleases and are rapidly 

cleared by the non-parenchymal cells of the liver. Furthermore, the siRNA or the DNA 

fragments are subjected to efficient glomerular kidney filtration [7, 8]. As a consequence, 

nucleic acids show poor pharmacokinetics after intravenous administration together with a 

low level of accumulation at the distant tumor site. Again, complexation of nucleic acids 

with cationic carriers has proven to be of great value. For example, nucleic acids complexed 

with cationic carriers have demonstrated resistance against nuclease digestion [4, 9]. 

Generally, carrier systems are considered indispensable for efficient nucleic acid cancer 

therapy after intravenous administration. 

The organ gene expression profiles of the nucleic acid complexes are strongly affected by 

both the nature of the carrier molecules and the extent of surface modification, i.e. the 

possible presence of a shielding or targeting moiety. Therefore, by carefully choosing the 

composition of a particular carrier system one may tailor its properties for the desired 

application. So far, the intravenous administration of different cationic lipid or polymer 

complexes has resulted in significant tumor gene expression or silencing in different animal 

models [6, 10-12].  

Up to now, only limited attention has been paid to address the effect of complexation on the 

pharmacokinetics and tumor localization of nucleic acids. In this study, we examined the 

blood, tumor and tissue levels of different, 35S labeled siRNA and DNA complexes after 

intravenous injection in mice. The investigated carrier systems were chosen for their 
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promise in cancer gene therapy, as assessed by reporter gene assays and tumor growth 

studies [13-17].  
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MATERIALS & METHODS 

 

Materials 

Small interference RNA (siRNA) against luciferase and FITC-labeled siRNA were obtained 

from Qiagen (Venlo, The Netherlands). Endotoxin-free plasmid encoding for firefly 

luciferase, pcDNA3Luc, was obtained from PlasmidFactory (Bielefeld, Germany). The 

lipids 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) and dioleoyl 

phosphatidylethanolamine (DOPE) were purchased from Avanti Polar lipids (Alabaster, 

USA) and Lipoid (Ludwigshafen, Germany), respectively. 

Branched polyethylenimine (Mw 25 kDa) was obtained from Sigma Aldrich (Zwijndrecht, 

The Netherlands). RGD-PEG-PEI, branched PEI (Mw 25 kDa) grafted with distally 

modified RGD-PEG 3.4 kDa, was synthesized as described previously [13]. Both linear 

polyethylenimine (PEI, Mw 22 kDa) and PEG-PEI, linear PEI 22 kDa to which 

poly(ethylene glycol) (PEG) (Mw 20 kDa) is grafted (in a molar ratio of 1 to 1.8), were a 

generous gift from prof. dr. E. Wagner (Ludwig-Maximilians-Universität München)        

[15, 18]. Poly(2-dimethylamino ethylamino)phosphazene (p(DMAEA)-ppz, Mw 49 kDa) 

was synthesized as described previously [19]. Cytidine 5'-[alpha-35S]thiotriphosphate (α35S 

CTP), deoxycytidine 5'-[ alpha -35S]thiotriphosphate (α35S dCTP), and the Nick Translation 

Kit were purchased from GE Healthcare Europe (Roosendaal, The Netherlands). Solvable 

solubilizer and Ultima Gold scintillation liquid were supplied by Perkin Elmer BV 

(Groningen, The Netherlands). 

 

Methods 

Preparation of 35S-labeled siRNA and 35S-labeled DNA 

Double-stranded, radiolabeled siRNA (5’-aacttacgctgagtacttcga-3’ and                       

5’-atcgaagtactcagcgtaag-3’) was constructed and purified using the silencer siRNA 

construction kit (Ambion Europe, Cambridgeshire, UK) according to the instruction manual. 

Two 29-mer DNA oligonucleotides with 21 nt encoding the siRNA and 8 nt complementary 

to the T7 Promoter Primer served as siRNA transcription templates (Isogen Lifescience, 

Maarssen, The Netherlands). α35S CTP was incorporated in the NTP transcription mixture. 
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The integrity of the hybridized construct was confirmed using agarose gel electrophoresis 

and UV measurements at 260 and 280 nm.  

DNA, pcDNA3Luc, was labeled with α35S dCTP by Nick Translation according to the 

instruction manual. The product was purified using a G-50 Sephadex column. Before 

complex formation, unlabeled nucleic acid solutions were spiked with the radiolabeled 

counterparts. 

 

Preparation of the complexes    

All complexes with siRNA or DNA were prepared by vortexing equal volumes of nucleic 

acid solutions with the different carrier system solutions. All complexes were incubated for 

30 min at room temperature prior to injection. Different molar excesses of ionizable 

nitrogen (cationic charge) to phosphate (nucleic acids) (N/P ratio) were applied for the 

different complexes, similar to the ones applied in previous publications [14, 20, 21]. 

DOTAP/DOPE liposomes were prepared by dissolving an equimolar amount of DOTAP 

and DOPE in chloroform and methanol. The solvent was evaporated under reduced pressure 

and the lipid film was subsequently hydrated in Hepes 10 mM, pH 7.4 (final lipid 

concentration was 10 µM). The resulting liposome dispersion was extruded several times 

through two stacked polycarbonate membranes until the desired diameter was obtained 

(100-120 nm).  

Formulations of siRNA were prepared in a 10 mM Hepes buffer, pH 7.4.  Complexes of 

siRNA with the DOTAP/DOPE liposomes were prepared at an N/P ratio of 4 by adding an 

equal volume of radiolabeled siRNA solution to the DOTAP/DOPE liposome dispersion. 

Complexes of siRNA with RGD-PEG-PEI were prepared at an N/P ratio of 4 by adding an 

equal volume of radiolabeled siRNA solution to a mixture of RGD-PEG-PEI and branched 

PEI (in equimolar ratio of ionizable nitrogens). 

Formulations of DNA were prepared in a 20 mM acetate buffer, pH 5.7 containing 20 % 

w/v sucrose [14, 22]. Complexes with PEI and PEG-PEI were prepared at an N/P ratio of 6. 

Shortly, radiolabeled DNA was diluted in acetate buffer containing 40 % w/v sucrose. To 

this solution either a linear PEI solution or a mixture of linear PEI with PEG-PEI (3:1 molar 

ratio of ionizable nitrogens) in acetate buffer was added. Complexes with p(DMAEA)-ppz 

were prepared at an N/P ratio of 15, using the same procedure.  
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Characterization of the complexes 

The average hydrodynamic diameter and the zeta potential of the complexes were 

determined using dynamic light scattering and electrophoretic measurements. The size 

distribution of the complexes was determined using an ALV CGS-3 system (Malvern 

Instruments, UK). The zeta potential of the complexes was determined using a Zetasizer 

2000 (Malvern instruments, UK). Both instruments were calibrated using polystyrene latex 

beads of defined size and electrophoretic mobility. The effect of the interaction of the 

complexes with serum components was tested after incubation in a buffer containing 20 mM 

Hepes, 0.9 % NaCl and 2 mg/ml bovine serum albumin. 

  

Animal experiments 

Male A/J mice (5-6 weeks of age) were purchased from Harlan (Horst, The Netherlands). 

Animal housing and animal experiments were performed according to national regulations 

and approved by the local animal experiments ethical committee.  

A subcutaneous (s.c.) Neuro 2A tumor was induced by inoculation of 1x106 mouse 

neuroblastoma cells (Neuro 2A, ATCC CCL-131) in the flank of each mouse. At an average 

tumor volume of 500 mm3 the different radiolabeled nucleic acids formulations were 

injected into the tail-vein of the mice. The injected volume (0.2 ml) corresponded to a 

radioactivity of > 120,000 cpm, and 20 or 30 µg of nucleic acid (for siRNA and DNA 

formulations, respectively). At different time points after injection mice were anesthetized 

with ether and blood samples were taken from the vena cava inferior. Subsequently, mice 

were sacrificed and organs were dissected. Radioactivity of all the samples was determined 

using liquid scintillation counting, as described earlier [14]. In short, samples were 

solubilized in Solvable and bleached with H2O2. Then, samples were incubated in 

scintillation liquid and measured in a PW4700 scintillation counter (Philips,                     

The Netherlands). Obtained radioactivity levels were corrected for background and for 

quenching phenomena.   

For gene expression studies, 0.2 ml of an unlabeled polyplex dispersion (30 µg pcDNA3Luc/ 

mouse) was administered into the tail vein of the mice. Twenty-four hrs after injection, the 

mice were sacrificed by cervical dislocation and luciferase levels of the different organs 

were assessed using a Berthold 9507 Luminometer (EG&G Benelux BV, The Netherlands) 
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as previously described [23]. Transfection efficiency was expressed as RLU/organ, except 

for tumor tissue (RLU/g). In this particular setting, 6x103 RLU corresponded to 1 pg of 

recombinant luciferase (Promega, The Netherlands). 

 

Statistical analysis 

Statistical analysis was performed using GraphPad InStat 3.06. A p-value of < 0.05 was 

considered to be significant (two-tailed). 
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RESULTS & DISCUSSION 

 

Intravenous delivery of siRNA 

We compared circulation kinetics, tumor localization and tissue distribution of two 

different, radiolabeled siRNA complexes to free radiolabeled siRNA. 

 

Formulations 

siRNA against luciferase was radiolabeled  with 35S and subsequently complexed with the 

cationic lipid mixture DOTAP/DOPE or the cationic polymer mixture PEI/RGD-PEG-PEI. 

DOTAP is a cationic lipid, commonly used for liposomal transfection [24, 25]. Equimolar 

co-inclusion of the helper lipid DOPE is known to enhance transfection efficiency as it 

facilitates endosomal destabilization [26]. Complexes of nucleic acids with DOTAP or 

DOTAP/DOPE have been successfully applied in several in vivo studies [17, 27]. Tissue 

gene expression of cationic lipid/nucleic acid complexes is confined to the liver and the 

lungs [28, 29]. Probably this is a result of the association of the positively charged 

complexes with negatively charged plasma proteins (e.g. albumin, complement proteins) 

which leads to the facilitated uptake of the complexes by the non-parenchymal cells in the 

liver. In addition, interaction of the cationic complexes with erythrocytes and plasma 

proteins may favor the formation of aggregates in the circulation. These aggregates can get 

trapped in the lung capillaries, promoting uptake by lung endothelial cells [30, 31]. 

Schiffelers et al. used siRNA complexes consisting of a mixture of PEI and RGD-PEG-PEI 

(PEI to which is grafted PEG 3.4 kDa distally modified with an RGD peptide), for 

therapeutic application in mice. The PEG-moiety is supposed to shield the cationic surface 

charge of the siRNA complexes, thereby limiting the interaction with plasma proteins and 

erythrocytes. The incorporation of the RGD-motif allows the targeting of the complexes 

towards the αvβ3 integrins, overexpressed on tumor angiogenic endothelial cells, but also 

present on macrophages [32]. Intravenous administration of these complexes led to tumor 

growth inhibition in different tumor models [13]. 

 

Positively charged, nanoscale particles, suitable for intravenous injection were formed upon 

complexation of the negatively charged siRNA with the two different carrier types      
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(Table 1). The RGD-PEG-PEI complexes exhibited a much lower zeta potential than 

observed for the DOTAP/DOPE complexes, reflecting the shielding effect of the PEG-

component incorporated in this formulation.  

 

Table 1. Mean particle size and zeta potential of siRNA complexes with DOTAP/DOPE or RGD-

PEG-PEI, at the given N/P ratio. Data are presented as the mean ± SD of 3 measurements. 

Polydispersity values were within acceptable limits (<0.35). The N/P ratio was defined as the molar 

excess of the ionizable nitrogens of the cationic carrier (N) to the phosphate groups of the        

siRNA (P). 

 siRNA DOTAP/DOPE 

complexes 

siRNA RGD-PEG-PEI 

complexes 

 

Mean particle size (nm) 

 

250 ± 10 

 

130 ± 10 

Mean zeta potential (mV) 39 ± 2 8 ± 2 

N/P ratio 4 4 

 

Circulation kinetics, tumor localization and tissue distribution 

We determined the circulation kinetics, tumor localization and tissue distribution of the 

radiolabeled siRNA, following intravenous injection of the different formulations into      

A/J mice bearing a s.c. Neuro 2A tumor.  

Upon intravenous administration, the blood levels of free siRNA exhibited a clearance 

pattern characterized by a fast distribution phase and a subsequent slower elimination phase 

(Figure 1). Five min after injection, only 14 ± 7 percent of the injected dose resided in the 

bloodstream, in good agreement with literature [8, 33]. Upon complexation with the cationic 

carriers, a similar biphasic elimination profile was found. Complexation of siRNA with 

either DOTAP/DOPE or RGD-PEG-PEI did not significantly affect siRNA blood levels at 

any of the time points. The poor circulation profile of the latter complexes was unexpected 

in view of the shielded character of the complexes. Apparently, the PEG-component within 

the RGD-PEG-PEI formulation did not provide sufficient steric stabilization to prolong the 

blood circulation of siRNA or was overshadowed by the enhanced uptake as a result of the 

RGD-peptide [32]. 
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Figure 1. Circulation kinetics of free 35S labeled siRNA and complexes of 35S siRNA with 

DOTAP/DOPE or RGD-PEG-PEI following i.v. administration in A/J mice bearing a s.c. Neuro 2A 

tumor (20 µg siRNA/ mouse). Data are expressed as mean percentage of injected dose ± SD (n = 3).  

 

The amount of radioactivity recovered from the tumor after intravenous administration of 

the radiolabeled siRNA complexes is given in Table 2. Sixty min after injection, 2 percent 

of the injected free siRNA dose had accumulated per gram tumor tissue. Surprisingly, 

complexation with DOTAP/DOPE did not significantly increase siRNA tumor levels at the 

different time points. The same held true for siRNA complexed with RGD-PEG-PEI, 

despite the proven ability of RGD-complexes to target towards the tumor neovasculature. 

Apparently, the rapid clearance of the complexes hindered tumor accumulation. We 

conclude that other mechanisms must be taken into account to explain the additional value 

of siRNA delivery systems for intravenous administration, likely due to carrier-induced 

changes in the siRNA intratumoral distribution.  
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Table 2. Tumor accumulation of free 35S labeled siRNA, and complexes of 35S siRNA with 

DOTAP/DOPE or RGD-PEG-PEI, 15 and 60 min after i.v. administration in A/J mice bearing a  

s.c. Neuro 2A tumor (20 µg siRNA/ mouse). Data are expressed as mean percentage of injected dose 

per gram tumor ±  SD (n = 3). Average tumor weight was 450 mg. 

 Tumor localization (% ID/g) 

Formulation 15 min                            60 min 

 

free siRNA 

 

3.0 ± 1.8 

 

2.3 ± 0.5 

siRNA DOTAP/DOPE 2.5 ± 0.8 2.9 ± 1.7 

siRNA RGD-PEG-PEI 4.1 ± 1.7 5.2 ± 2.9 

 

 

Figure 2 illustrates how both siRNA formulations localized differently within a slice of the 

tumor border (Figure 2A, 2B). The RGD-PEG-PEI complexes preferentially localized 

within the viable rim of the tumor tissue, whereas DOTAP/DOPE complexes could be 

visualized throughout the whole tumor tissue. The tumor periphery contains the areas of 

active angiogenesis featured by the highest number of small capillaries, which are 

specifically overexpressing the αvβ3 integrin [34]. Earlier, using fluorescence images, 

Schiffelers et al. reported on increased tumor localization over free siRNA, when using 

siRNA complexes of RGD-PEG-PEI [13]. These contradictive findings may result from the 

fact that in the latter study, excised tumor tissue was visualized macroscopically from the 

outside, inherently focusing on fluorescence in the tumor periphery only. 
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Figure 2. Micrographs of a Neuro 2A tumor tissue (A, B) and spleen (C, D) isolated from mice      

60 min after i.v. administration (40 µg siRNA/ mouse). siRNA formulations were DOTAP/DOPE 

complexed FITC-labeled siRNA (A, C) or RGD-PEG-PEI complexed FITC-labeled siRNA (B, D) 

Bar = 250 µm. 

 

The tissue distribution of the radiolabeled siRNA formulations is presented in Figure 3. 

Tissue levels of free siRNA were low and confined to the kidney and the liver (5.2 and     

3.9 % ID at 15 min post-injection (p.i.), respectively). This finding suggests a rapid renal 

clearance by glomerular filtration. The substantial liver accumulation of unformulated 

siRNA is attributed to uptake by non-parenchymal liver cells [35]. The tissue distribution of 

siRNA complexed with DOTAP/DOPE was also characterized by a limited tissue 

deposition. Highest tissue levels were found within the liver, the lung and the kidney       

(16, 2.6 and 4.0 % ID, at 15 min p.i., respectively). The rapid clearance of cationic lipid 

nucleic acid complexes, together with their preferential accumulation in the ‘first pass’ 

organs is attributed to their interaction with blood components as a result of their chemical 

and cationic nature [29]. The significant kidney localization is likely the result of glomerular 

filtration of siRNA (fragments), released upon disintegration of the complexes. siRNA 

complexed with RGD-PEG-PEI preferentially accumulated in the liver (36 % ID,                

at 15 min p.i.). Significant deposition was observed as well in the lung, the kidney and the 

spleen (7.0, 3.6 and 3.4 % ID, at 15 min p.i., respectively). The relatively high degree of 

hepatosplenic localization is probably a result of the RGD-mediated targeting of the 

complexes to αvβ3 integrins, expressed by the macrophages [36]. 
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Figure 3. Tissue distribution of free 35S labeled siRNA (A), and complexes of siRNA with 

DOTAP/DOPE (B) or RGD-PEG-PEI (C), 15 and 60 min after i.v. administration in A/J mice 

bearing a s.c. Neuro 2A tumor (20 µg siRNA / mouse). Data are expressed as mean percentage of 

injected dose +  SD (n = 3). 

 

Figure 2C and 2D are micrographs of the spleen, illustrating the differences in intraorgan 

distribution of the siRNA delivery systems. Accumulation of the DOTAP/DOPE complexes 

was confined to the red pulpa of the spleen, indicating efficient filtration of larger particles 

or aggregates and subsequent recognition by macrophages. The RGD-PEG-PEI complexes 

were more homogeneously distributed over the whole tissue, suggesting prevention of 

aggregate formation through PEG-shielding and receptor-mediated uptake by macrophages 

stimulated by the RGD-peptide. 
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Intravenous delivery of plasmid DNA  

We compared circulation kinetics, tumor localization and tissue distribution of different 

radiolabeled DNA complexes.  

 

Formulations 

DNA was radiolabeled with 35S and subsequently complexed with different polymeric 

cationic carrier systems. We compared complexes based on the linear polymer 

polyethylenimine (PEI) with complexes based on PEGylated linear PEI (PEG-PEI), and  

complexes based on the polymer poly(2-diamino ethylamino)-phosphazene (p(DMAEA)-

ppz).  

Linear PEI is one of the most effective cationic polymers for the delivery of DNA.              

It combines a strong plasmid condensing ability with superior transfection efficiency       

[16, 37]. Intravenous administration of cationic PEI polyplexes into mice bearing a s.c. 

Neuro 2A tumor yields considerable tumor gene expression [38]. However, the cationic 

character of PEI complexes promotes their interaction with plasma proteins and 

erythrocytes, enhancing their clearance by non-target tissues [16, 39]. The use of PEG-PEI 

(PEI to which poly(ethyleneglycol) (PEG) is grafted) aims to shield the positive surface 

charge of the polyplexes [15, 18]. As a result, application of PEG-PEI polyplexes in tumor 

bearing mice yields a more tumor selective gene expression profile compared to PEI 

polyplexes, as is illustrated in Figure 4. The increased selectivity of gene expression towards 

the tumor tissue in the case of PEG-PEI polyplexes has been related to the reduced uptake 

by non-target tissue, as a result of their shielded character. Moreover, the extended blood 

circulation of shielded polyplexes might enable an enhanced accumulation within the tumor 

based on the so-called enhanced permeability and retention (EPR) effect [40, 41]. Based on 

this principle, the application of long-circulating gene delivery vectors has resulted in a 

passive tumor accumulation of 3.5 to 10 % of the injected dose [29, 42, 43]. Using 

PEGylated transferrin-PEI polyplexes, tumor growth inhibition has been demonstrated in 

different mouse tumor models [18, 44]. 

We recently reported on the application of the biodegradable polymer p(DMAEA)-ppz, as a 

DNA carrier in tumor bearing mice [14, 19]. Compared to unshielded PEI complexes, the 
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cationic p(DMAEA)-ppz complexes demonstrated more selective tumor gene expression 

after intravenous administration. 
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Figure 4. Luciferase gene expression 24 hrs after i.v. administration of DNA complexes with PEI 

and PEG-PEI into A/J mice bearing a s.c. Neuro 2A tumor (30 ug DNA/mouse). Luciferase 

expression is plotted as relative light units per organ except for tumor tissue (RLU/g) (mean +  SD, 

n = 3). Average tumor weight was 450 mg. 

 

Complexation of the DNA resulted in positively charged particles of approximately 100 nm 

(Table 3). The zeta potential of the PEG-PEI polyplexes was low compared to the PEI 

complexes as a result of the shielding effect of PEG (9 and 31 mV, respectively). The 

addition of albumin resulted in a drop of the zeta potential values of all formulations to 

around 0 mV, which is in good agreement with earlier findings on PEI, p(DMAEA)-ppz and 

PLL complexes [14,45]. The mean size of the complexes increased upon incubation with 

albumin, most pronouncedly in the case of the unshielded formulations (data not shown). 

Possibly, albumin induced aggregate formation is sterically hindered by the PEG chains 

present on the surface of the shielded PEG-PEI complexes. 
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Table 3. Mean particle size and zeta potential of DNA/polymer complexes at the given N/P ratio. 

Data are presented as the mean ±  SD of 3 measurements. Polydispersity values were within 

acceptable limits (<0.35). The N/P ratio was defined as the molar excess of the ionizable nitrogens 

of the cationic carrier (N) to the phosphate groups of the DNA (P). 

 DNA/ 

PEI  

complexes 

DNA/ 

PEG-PEI           

complexes 

DNA/p(DMAEA)-

ppz complexes 

 

Mean particle size (nm) 

 

110 ± 20 

 

100 ± 20 

 

100 ± 10 

Mean zeta potential (mV) 31 ± 6 9 ± 3 37 ± 3 

N/P ratio 6 6 15 

 

Circulation kinetics, tumor localization and tissue distribution 

We compared the circulation kinetics, tumor localization and tissue distribution of the 

various radiolabeled DNA complexes following intravenous injection of the different 

formulations into A/J mice bearing a s.c. Neuro 2A tumor. Data were compared with data 

on free DNA obtained in earlier experiments performed by our group [23]. 

Figure 5 shows the blood circulation profiles of the injected formulations. Free DNA 

showed a rapid clearance. Ten and 30 min after injection, only 15 and 3 % of the injected 

dose resided in the bloodstream, respectively. The different unshielded, positively charged 

complexes were subjected to a similar or even faster clearance pattern (5.7 and 2.9 % ID at 

15 min p.i., for PEI and p(DMAEA)-ppz polyplexes, respectively). The incorporation of 

PEG-PEI into the polyplexes slightly reduced the DNA clearance (blood levels were 2 to 3 

fold higher, at 15 to 60 min p.i.). The PEG-mediated prolongation of polyplex blood levels 

is relatively small compared to earlier findings reported for liposomes [46]. Apparently, the 

PEG-PEI polyplexes are still prone to efficient opsonization. This finding is in good 

agreement with an earlier report on the PEGylation of branched PEI-polyplexes, applied at a 

similar DNA dose [47]. To our knowledge, only three groups have demonstrated a 

significant prolongation of DNA blood levels using cationic polymers (> 20 % ID, at 30 min 

p.i.). Remarkably, in all three cases PEG was coupled to the surface of the polyplexes 

subsequent to polyplex formation [43, 48, 49]. 
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Figure 5. Circulation kinetics of free 32P labeled DNA and 35S labeled DNA/polymer complexes, 

following i.v. administration in mice (30 µg DNA/mouse). Free DNA in Balb/c mice (A) [23] and 

DNA/polymer complexes (B). DNA/polymer complexes used were DNA/PEI, DNA/PEG-PEI, or 

DNA/p(DMAEA)-ppz. Data are expressed as mean percentage of injected dose + SD (n = 3). 

 

DNA radioactivity levels in the tumor tissue are given in Table 4. In all cases a limited 

tumor accumulation of 1 % of the injected dose per gram tumor was observed at 60 min p.i., 

similar to the tumor localization levels reported earlier [14]. No significant differences could 

be demonstrated, comparing the different polyplex systems at the two time points. 

Apparently, the somewhat prolonged blood circulation of the PEG-PEI polyplexes 

compared to the PEI polyplexes did not result in an increase in DNA tumor accumulation. 

From these data we conclude that the tumor selective gene expression observed in the case 
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of PEG-PEI (Figure 4) and p(DMAEA)-ppz complexes [14] is not driven by preferential 

accumulation of the DNA in the tumor. 

 

Table 4. Tumor accumulation of 35S labeled DNA/polymer complexes, 15 and 60 min after i.v. 

administration into A/J mice bearing a s.c. Neuro 2A tumor (30 µg DNA/mouse). DNA was 

complexed with PEI, PEG-PEI or p(DMAEA)-ppz. Data are expressed as mean percentage of 

injected dose per gram tumor ± SD (n = 3). Average tumor weight was 600 mg. 

Tumor localization (%)  

15 min 60 min 

 

DNA/PEI  complexes 

 

2.7 ± 0.6 

 

0.7 ± 0.1 

DNA/PEG-PEI  complexes 1.9 ± 1.0 1.7 ± 0.6 

DNA/p(DMAEA)-ppz complexes 1.5 ± 0.8 1.0 ± 0.6 

 

We examined the DNA tissue distribution of the different formulations (Figure 6, 7). 

Uncomplexed DNA preferentially accumulated in the liver and the kidney, which is in good 

agreement with earlier literature [50]. Compared to free DNA all polyplex systems 

demonstrated a low kidney uptake, reflecting a high level of colloidal stability within the 

bloodstream. The unshielded DNA complexes showed pronounced uptake by the organs of 

the reticuloendothelial system (liver and spleen), which is in good agreement with earlier 

literature [40] and is the likely cause of their efficient blood clearance (Figure 7A, C). The 

slightly increased circulation time of the PEG-PEI polyplexes did not affect DNA uptake in 

these organs (Figure 7B). The p(DMAEA)-ppz based polyplexes demonstrated a more 

pronounced lung accumulation compared to PEI polyplexes. Earlier, we related the high 

lung accumulation of p(DMAEA)-ppz polyplexes with their tendency to interact with 

erythrocytes [14].  
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Figure 6. Organ distribution of free 32P labeled DNA, 10 and 60 min after i.v. administration in 

Balb/c  mice (30 µg DNA/mouse). Data are expressed as mean percentage of injected dose + SD    

(n = 3) [23]. 
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Figure 7. Organ distribution of  35S labeled 

DNA/polymer complexes, 15 and 60 min after i.v. 

administration in A/J mice bearing a s.c. Neuro 2A 

tumor (30 µg DNA/mouse). DNA/PEI complexes 

(A),  DNA/PEG-PEI complexes (B),  and 

DNA/p(DMAEA)-ppz complexes (C). Data are 

expressed as mean percentage of injected dose 

+ SD (n = 3). 
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The observed DNA tissue distribution levels induced by the different polyplexes (Figure 7) 

do not correlate with their respective gene expression levels (Figure 4) [14]. Therefore, the 

degree of localization in a particular tissue is apparently not predictive for the degree of 

gene expression. Rather, differences in tissue gene expression induced by different 

transfection systems are determined by factors such as differences in distribution of the 

extravasated complexes over the tissue, and determinants of nuclear entry such as 

intracellular processing and rate of cellular proliferation. 

 

 



Cationic polymers for nucleic acid delivery to tumors, De Wolf, Chapter 3 

 70 

CONCLUSION 

In the present study we compared the circulation kinetics, tumor localization and tissue 

distribution of different nucleic acid complexes. The included delivery systems all have 

demonstrated antitumor activity or significant tumor reporter gene expression in earlier 

studies. Intravenously administered free siRNA demonstrated poor circulation kinetics 

together with a limited accumulation in the tumor tissue, the liver and the kidneys. Although 

complexation of siRNA with the two carriers clearly affected its tissue distribution profile, it 

did not prolong siRNA blood circulation. Efficient opsonization, complex desintegration, or 

active targeting towards macrophages are likely to contribute to the high blood clearance 

rate. Coupling of an RGD peptide, enabling the targeting of siRNA complexes towards 

neovascularized tumor capillaries, did not lead to an enhanced tumor accumulation. 

However, within the tumor tissue siRNA complexes did selectively distribute over the 

targeted tumor endothelial cells present in the tumor periphery. The condensation of DNA 

with different unshielded polymeric carriers did not reduce DNA blood clearance and tumor 

localization. Accumulation of the polyplexes was observed mainly in the organs of the 

reticuloendothelial system, in good agreement with earlier literature. The use of PEG to 

shield the surface of the PEI polyplexes led to a slightly extended blood circulation time of 

the complexes. However, the increased blood residence time was not paralleled by an 

enhanced accumulation of DNA in the tumor. 

In conclusion, our data do not point to significant improvements of circulation kinetics and 

tumor accumulation caused by the carrier systems studied here. Therefore, the value of 

carrier-mediated intravenous delivery of nucleic acids cannot be solely attributed to benefits 

relevant during the transport of the complexes to the tumor. Rather, the carrier mediated 

benefits are arising from changes in the intratumoral fate of the nucleic acids conferred by 

the carrier systems, like e.g. the targeting to certain tumor components and the improvement 

of the intracellular targeting process. 
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ABSTRACT 

In recent years, increasing interest is being paid to the design of transfectants based on non-

toxic and biodegradable polymers for gene therapy purposes. We recently reported on a 

novel, biodegradable polymer, poly(2-dimethylamino ethylamino)phosphazene 

(p(DMAEA)-ppz) for use in non-viral gene delivery. In this study, the biodistribution and  

in vivo transfection efficiency of polyplexes composed of plasmid DNA and p(DMAEA)-

ppz were investigated after intravenous administration in tumor bearing mice. Data were 

compared with those of polyplexes based on the non-biodegradable polyethylenimine 

(PEI22, 22 kDa). Both polyplex systems were rapidly cleared from the circulation              

(< 7 % ID, at 60 min after administration) and showed considerable disposition in the liver 

and the lung, all in line with earlier work on cationic polyplex systems. The lung disposition 

is attributed to aggregates formed by interaction of the polyplexes with blood constituents. 

Redistribution of the polyplexes from the lung was observed for both polyplex formulations. 

Importantly, both polyplex systems showed a substantial tumor accumulation of 5 and         

8 % ID/g, for p(DMAEA)-ppz and PEI22 polyplexes, respectively, at 240 min after 

administration. The tumor disposition of the p(DMAEA)-ppz and PEI22 polyplexes was 

associated with considerable expression levels of the reporter gene. In contrast to PEI22 

polyplexes, p(DMAEA)-ppz polyplexes did not display substantial gene expression in the 

lung or other organs (organ gene expression < 1/100 of tumor gene expression). The 

observed preferential tumor gene expression mediated by the p(DMAEA)-ppz polyplexes 

enables the application of this polymer to deliver therapeutic genes to tumors. 
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INTRODUCTION 

Efficient delivery of a gene to a distant tumor site after intravenous administration has 

become one of the main issues within the field of cancer gene therapy [1-5]. To realize this 

goal, several types of non-viral gene delivery systems are currently under investigation. The 

gene delivery vehicle protects the plasmid DNA against nuclease mediated degradation and 

promotes cellular uptake and processing of the plasmid DNA [6-9]. Non-viral gene delivery 

systems offer a number of important advantages over viral vectors in being less dependent 

on the size of the incorporated plasmid, less immunogenic, and more easy to prepare and to 

tailor [2]. Compared to the large number of studies dealing with in vitro transfection 

capacity of non-viral gene delivery systems, the in vivo behavior of these systems has 

received relatively little attention. It has become clear that the cationic nature of 

polymer/DNA complexes (referred to as ‘polyplexes’) tends to induce aggregation in vivo, 

and that they are avidly taken up by macrophages, most likely due to their cationic charge. 

Massive disposition in the lung and liver, the major organ of the MPS (mononuclear 

phagocytic system) has been reported [10, 11]. Pharmacokinetics, biodistribution and tissue 

gene expression profiles as well as (acute) toxicity should be thoroughly investigated to be 

able to judge the possibilities and limitations of a specific delivery system. 

The long-term fate of a polymeric gene delivery vehicle after in vivo administration is 

another major point of consideration as in- and extracellular accumulation of the polymer 

can possibly have deleterious effects. Non-viral gene delivery systems based on 

biodegradable polymers have been recently introduced [12-17]. Luten et al. [13] reported on 

the synthesis and the in vitro gene delivery characteristics of poly(2-dimethylamino 

ethylamino)phosphazene, further abbreviated as p(DMAEA)-ppz (Figure 1). The 

p(DMAEA)-ppz polymer consists of a biodegradable polyphosphazene backbone 

substituted by side groups bearing a tertiary amine, which is positively charged at 

physiological pH. It was shown that this polymer was able to condense DNA to form 

positively charged polyplexes. The p(DMAEA)-ppz polyplexes displayed considerable      

in vitro transfection activity and strikingly low cell toxicity towards COS-7 cells, all in the 

presence of serum proteins. It was observed that the polymer degraded in time under 

physiological conditions due to hydrolysis of the polymer backbone.  
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In this study, the biodistribution and transfection activity of p(DMAEA)-ppz polyplexes 

were evaluated in tumor bearing mice. Tumor accumulation as well as gene expression of 

the polyplexes was investigated using the (radiolabeled) reporter gene encoding for 

luciferase. Results were compared with those mediated by polyplexes based on the non-

biodegradable polymer linear polyethylenimine (Mw 22kD), a well-established transfection 

agent. 
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Figure 1. Structure of poly(2-dimethylamino ethylamino)phosphazene (p(DMAEA)-ppz). 
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MATERIALS AND METHODS 

 

Materials 

Poly(2-dimethylamino ethylamino)phosphazene [p(DMAEA)-ppz] (Figure 1) was 

synthesized and purified as previously described [13, 18]. In short, 

poly(dichloro)phosphazene was synthesized from hexachlorocyclotriphosphazene at 220 °C 

in 1,2,4, trichlorobenzene using sulfamic acid and CaSO4.2H20 as initiating system [19]. 

Subsequently, a substitution reaction on this polymer with 2-dimethylaminoethylamine 

(DMAEA) was carried out. The polymer was purified by extensive dialysis against water 

and THF. The solvent was removed under reduced pressure. Next, the polymer was 

dissolved in water and collected after lyophilization. Linear polyethylenimine (PEI           

Mw 22 kDa; further abbreviated as PEI22) was kindly provided by Prof. dr. E. Wagner 

(Ludwig-Maximilians-Universität München, Germany) [20, 21]. Endotoxin-free plasmid 

pcDNA3Luc, encoding for firefly luciferase, was produced by Plasmid Factory (Bielefeld, 

Germany). The plasmid is under transcriptional regulation of the cytomegalovirus 

immediate promoter and is preceded by a nuclear localization signal.  

Poly-L-aspartic acid (pAsp) (molecular weight 15 – 50 kDa) was obtained from Sigma 

(Zwijndrecht, The Netherlands). 35S labeled dCTP (9.25 MBq) was obtained from 

Amersham Biosciences Europe (Roosendaal, The Netherlands). Luciferase assay reagent, 

reporter gene lysis buffer, and Quantilum Recombinant Lucferase were obtained from 

Promega (Leiden, The Netherlands). Solvable solubilizer and Ultima Gold scintillation 

liquid were obtained from Perkin Elmer BV (Groningen, The Netherlands).  

 

Methods 

Characterization of p(DMAEA)-ppz 
31P-Nuclear magnetic resonance (31P-NMR) spectra were recorded on a Varian Inova      

500 MHz spectrometer (Varian, Palo Alto, CA, USA). The weight average molecular 

weight (Mw) and number average molecular weight (Mn) of the synthesized p(DMAEA)-ppz 

were determined by gel permeation chromatography (GPC) (Shodex OHpak SB-G and     

SB-806M HQ, Showa Denko, Japan) on an Empower high-performance liquid 

chromatography (HPLC) system using an aqueous 0.1 M Tris solution containing 0.7 M 
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NaNO3 (pH 7.2) as mobile phase. Calibration was done using dextrans with known 

molecular weights.  

  

Polyplex preparation 

For all experiments, a plasmid encoding for firefly luciferase was used (pcDNA3Luc). 

For in vitro transfection experiments, polyplexes were prepared at a plasmid concentration 

of 10 µg/ml DNA. This was done by diluting the plasmid stock solution (6 mg/ml in 10 mM 

Tris, 1 mM EDTA, pH 7.4) to a concentration of 50 µg /ml in 20 mM Hepes buffered saline 

(HBS) (20 mM Hepes, 150 mM NaCl, pH 7.4). To 50 µl of this solution, 200 µl of a 

p(DMAEA)-ppz or PEI22 solution in HBS (5 to 416 µg/ml polymer) was added, resulting in 

polyplexes with a defined N/P ratio. The polyplex dispersions were incubated for 30 min at 

room temperature before the transfection experiments were started. For the other in vitro 

assays, polyplexes were prepared in 5 mM Hepes, pH 7.4 (10 µg/ml DNA) or 20 mM 

acetate, pH 5.7, containing 200 mg/ml sucrose (150 µg/ml DNA). 

For in vivo experiments, polyplexes were prepared at a plasmid concentration of 150 µg/ml 

in 20 mM acetate, pH 5.7, and a polymer concentration of 0.75 to 1.8 µg/ml p(DMEMA)-

ppz and 120 µg/ml PEI22, corresponding with an N/P ratio of 15 to 36 and 6 respectively 

[22]. In short, polyplexes were prepared by diluting the plasmid stock solution (100 µl,     

1.5 mg/ml in 20 mM acetate buffer, pH 5.7), with 500 µl of the same acetate buffer, 

containing 400 µg/ml sucrose. To this solution, 400 µl of a p(DMAEA)-ppz or PEI22 

solution in acetate buffer (1.9 to 4.5 µg/ml or 300 µg/ml, respectively) was added, resulting 

in polyplexes with an N/P ratio of 15 to 36 (for p(DMAEA-ppz)) and 6 (for PEI22). The 

polyplex dispersions were vortexed for 5 s and incubated for 30 min at room temperature 

before administration to mice. 

N/P ratios were defined as the ratio between protonable polymer nitrogens and DNA 

phosphate-groups, and were calculated assuming that 110 and 43 g/mol correspond with 

each nitrogen containing- repeating unit of p(DMAEA)-ppz and PEI22, respectively. For 

plasmid DNA 330 g/mol corresponds with the average mass of a repeating unit bearing one 

negative phosphate group. 
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Particle size and electrophoretic mobility measurements 

The average diameter of the polyplexes prepared at low DNA concentration (10 µg/ml) was 

determined in 5 mM Hepes, pH 7.4, using dynamic light scattering (DLS) (ALV CGS-3 

system, 25 °C, argon laser 633 nm, Malvern Instruments, UK) after calibration with a 100 

nm poly(styrene) latex standard. The zeta potential of the polyplexes was determined in the 

same buffer using a Zetasizer 2000 equipped with an aqueous DTS5001 dip cell (Malvern 

Instruments, UK), after calibration with a poly(styrene) dispersion of a known zeta 

potential. The size of p(DMAEA)-ppz and PEI22 polyplexes prepared at high DNA 

concentration (150 mg/ml) for in vivo experiments were characterized undiluted in the       

20 mM acetate, 200 mg/ml sucrose buffer, pH 5.7. The obtained values were corrected for 

viscosity. 

 

Cell culture and in vitro transfection 

Neuro 2A (Murine Neuroblastoma) cells (ATCC CCL-131) were cultured at 37 oC at a 5 % 

CO2 humidified atmosphere, in RPMI 1640 medium completed with bovine calf serum    

(10 %) and antibiotics/antimycotics. 

Twenty-four hrs before transfection, cells were seeded in a 96-well plate at a density of 

1x104 cells/well. Serum containing cell medium was refreshed prior to transfection (100 µl) 

and subsequently overlaid with a polyplex dispersion (100 µl HBS containing 1 µg of 

plasmid, section 2.3). After incubation for 1 hr at 37 oC, the medium was refreshed and the 

cells were cultured for another 24 hrs. All transfection experiments were carried out in 

duplicate in two identical 96-well plates. One series was tested for luciferase activity; the 

other series was tested for cell viability using an XTT assay.  

Luciferase activity was measured after removal of cell culture medium and lysis of the cells 

by the addition of 100 µl reporter gene lysis buffer. After a freeze/thaw cycle, luciferase 

activity of the lysate was determined using a Berthold 9507 Luminometer (EG&G Benelux 

BV, The Netherlands). In brief, 100 µl of luciferase assay reagent was mixed with 20 µl of 

the defrosted cell lysate and relative light units (RLU) were measured for 10 s at room 

temperature. The measured RLU were corrected for background values (lysate of non-

transfected cells). Fifty µl of the remaining cell lysate was used to determine the total 

protein amount present, using the Biorad Micro BCA protein assay, according to the 
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manufacturer’s protocol (Perbio Science, The Netherlands). Bovine serum albumin (BSA) 

was used for calibration. Luciferase values were expressed as RLU per mg protein. 

The percentage of viable cells was tested using a XTT colorimetric assay, as described 

previously [23]. Cell viability values were normalized to values obtained after incubation 

with DNA and HBS. 

 

Serum-induced polyplex destabilization 

Polyplexes were prepared in 20 mM acetate, pH 5.7, containing 200 mg/ml sucrose, at a 

plasmid concentration of 150 µg/ml and 750 µg/ml p(DMAEA)-ppz or 117 µg/ml PEI22, 

corresponding with an N/P ratio of 15 and 6, respectively. Dispersions were incubated for 

30 min at room temperature. Next, 2 µl of the dispersions was incubated for 20 min at room 

temperature with 15 µl of mouse sera dilutions in PBS, to obtain a final serum concentration 

of 2, 10 and 20 % v/v. As a positive control, 2 µl of the polyplex dispersions were incubated 

with 15 µl of a poly-L-aspartic acid (pAsp) solution in 20 mM acetate, pH 5.7, 200 mg/ml 

sucrose, corresponding with a pAsp/DNA ratio of 30/1 (w/w) to dissociate the polyplexes 

[24]. After incubation for 20 min, 2 µl of loading buffer (0.4 % w/v bromophenol blue,      

10 mM EDTA, 50 % v/v glycerol in water) was added and mixed. Subsequently, 10 µl of 

the sample mixture was pipetted into the slots of a 0.7 % agarose gel, containing 0.5 µg/ml 

ethidium bromide (EtBr). The gel was run at 100V for 1 hr [24]. 

 

BSA adsorption onto polyplexes  

Adsorption of albumin onto the polyplexes was evaluated by measuring their average 

diameter (DLS) and zeta potential [25]. In detail, polyplexes with an N/P ratio of 6 and 15 

were prepared in 5 mM Hepes, pH 7.4, at a plasmid concentration of 10 µg/ml (20 and      

50 mg/ml for p(DMEMA)-ppz and 8 and 20 mg/ml for PEI22, respectively). The 

dispersions were incubated for 30 min at room temperature. Aliquots of a bovine serum 

albumin (BSA) solution (6 µl of a 40 mg/ml in 5 mM Hepes, pH 7.4) were added to 1 ml of 

the polyplex dispersions. The dispersions were gently shaken, and incubated at room 

temperature for 20 min. The average diameter and zeta potential of the polyplexes were 

determined before and after incubation with albumin. 
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Polyplex-induced erythrocyte aggregation 

Under ether anaesthesia, blood from the vena cava inferior of male A/J mice was collected 

in an Eppendorf tube to which 20 – 50 units of heparin were added in order to prevent 

coagulation. Blood samples were diluted 40x with HBS (20 mM Hepes, 150 mM NaCl, pH 

7.4) and stored at 4 °C prior to use. Polyplexes were prepared in 20 mM acetate, pH 5.7, 

containing 200 mg/ml sucrose, at a plasmid concentration of 150 µg/ml and 750 µg/ml 

p(DMAEA)-ppz or 117 mg/ml PEI22, corresponding with an N/P ratio of 15 and 6, 

respectively. Dispersions were incubated for 30 min at room temperature. Then, 17 µl of the 

polyplex dispersion was added to 233 µl of the blood sample (final plasmid concentration 10 

µg/ml). After 1 hr of incubation at 37 °C, aliquots of the suspensions were taken for 

microscopic analysis (20 x). 

 

In vivo studies 

The animal experiments were performed according to national regulations and approved by 

the local animal experiments ethical committee. Male A/J mice were purchased from Harlan 

(Harlan, Horst, The Netherlands). Mice (6 week-old) were inoculated with a 100 µl 

subcutaneous injection in the left flank, containing 1x106 Neuro 2A cells in phosphate 

buffered saline, pH 7.4. Experiments started 8 to 12 days after inoculation, when the tumors 

had reached a volume of about 300-400 mm3. 

For gene expression studies, 200 µl of a polyplex dispersion (150 µg/ml pcDNA3Luc and 

750 µg/ml p(DMAEA)-ppz or 120 µg/ml PEI22, corresponding with an N/P ratio of 15 and 

6, respectively) was administered in the tail vein. Twenty-four hrs after injection, the mice 

were sacrificed by cervical dislocation and luciferase levels of the different organs were 

assessed as previously described [26]. In short, the organs were homogenized in 0.5 to 1 ml 

of reporter lysis buffer using a tissue homogenizer. The resulting tissue homogenates were 

left on ice for 30 min, vortexed for 20 s and subsequently centrifuged at 13.000 g for 5 min. 

Luciferase activity was measured by mixing 100 µl of luciferase assay reagent with 20 µl of 

supernatant using a Berthold 9507 Luminometer (EG&G Benelux BV, The Netherlands). 

Relative light units (RLU) were measured for 10 s at room temperature. Transfection 

efficiency was expressed as RLU/organ, except for tumor tissues (RLU/g). Data were 

corrected for background values in non-treated mice, and were not corrected for organ 



Cationic polymers for nucleic acid delivery to tumors, De Wolf, Chapter 4 
 

 84 

perfusion [27]. Using Quantilum Recombinant Luciferase, 6x103 RLUs were calculated to 

correspond to 1 pg of luciferase, in this particular setting. 

For biodistribution studies, pcDNA3Luc was labeled with [a35S]-dCTP by nick translation 

according to the manufacturers manual (Amersham Biosciences, The Netherlands). 

Separation of the plasmid from free nucleotides was performed by Sephadex G-50 gel 

filtration. The plasmid fractions were pooled. Unlabelled plasmid was spiked with 35S 

labeled plasmid to obtain a final plasmid solution (1.5 mg/ml in 20 mM acetate, pH 5.7) 

with an activity of 1 to 5x106 cpm/ml. This solution was used to prepare the different 

polyplex dispersions (150 µg/ml pcDNA3Luc and 750 µg/ml p(DMEMA)-ppz or 120 µg/ml 

PEI22, corresponding with an N/P ratio of 15 and 6 respectively). Mice were injected with 

200 µl of this polyplex dispersion in their tail vein. At 5, 60 and 240 min after injection, the 

mice were anaesthetized with ether and blood from the vena cava inferior of the mice was 

collected in an Eppendorf tube to which 20 to 50 units of heparin were added in order to 

prevent coagulation. Mice were subsequently sacrificed by cervical dislocation. Then,     

100 µl of blood was tapped and the organs were dissected and stored in liquid scintillation 

counter tubes. All samples were dissolved in 0.5 to 1 ml Solvable at 50 °C and H2O2 (30 %, 

0.2 to 0.5 ml) was added for bleaching. H2O2 was inactivated by incubating the samples 

overnight at 50 °C. Then, 10 ml of Ultima Gold scintillation liquid was added and the 

samples were incubated overnight. The radioactivity in the different samples was 

determined using a Philips PW4700 scintillation counter (Philips, The Netherlands) [25]. 

The obtained values were corrected for background and quenching phenomena. The organ 

radioactivity was expressed as percentage of the injected dose (% ID/organ), except for 

tumor tissues (% ID/g). 
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RESULTS AND DISCUSSION 

 

Characteristics of p(DMAEA)-ppz 

The 31P-NMR spectrum of the p(DMAEA)-ppz polymer, synthesized by a substitution 

reaction of poly(dichloro)phosphazene with 2-dimethylaminoethylamine (DMAEA), 

showed one peak at 1.7 ppm indicating that Cl substitution by DMAEA groups was 

complete [13]. The weight average molecular weight (Mw) and number molecular weight 

(Mn) of the polymer were 49 and 7 kDa, respectively, relative to dextran standards. 

 

Characteristics of p(DMAEA)-ppz and PEI22 polyplexes 

The reporter plasmid pcDNA3Luc, encoding for luciferase, was used for all experiments. 

p(DMAEA)-ppz and PEI22 polyplexes were prepared at a low (10 µg/ml) and a high      

(150 µg/ml) DNA concentration for use in in vitro and in vivo studies, respectively. As 

determined by DLS measurements, the average diameter of the p(DMAEA)-ppz and PEI22 

polyplexes was in the same range (200 – 400 nm) (Table 1) and remained stable over at 

least 4 hrs. All dispersions had a relatively broad size distribution (PDI ~0.4). The zeta 

potential of the p(DMAEA)-ppz polyplexes was somewhat higher than that of the PEI22 

polyplexes (+37 versus +27 mV, Table 1).  

When prepared in HBS (20 mM Hepes, 0.9 % NaCl) instead of 5 mM Hepes solution, the 

size of the p(DMAEA)-ppz and PEI22 polyplexes were larger (average diameter between 

1300 and 1600 nm). Aggregation has been reported for PEI/DNA complexes before        

[28, 29]. Obviously, the colloidal stability of the p(DMAEA)-ppz and PEI22 polyplexes at 

physiological ionic strength is insufficient. 
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Table 1. Average diameter and zeta potential of p(DMAEA)-ppz and PEI22 polyplexes, prepared at 

10 or 150 µg/ml in different buffers (mean ±  SD, n = 3). 

Transfectant Buffer N/P ratio Average 

diameter (nm) 

Zeta potential 

(mV) 

 
p(DMAEA)-ppz  
  10 µg DNA/ml 

 
5 mM Hepes, pH 7.4 

 
15 

 
260 ± 40 

 
37 ± 3 

 
PEI22 
  10 µg DNA/ml 
 

 
5 mM Hepes, pH 7.4 

 
6 

 
330 ± 50 

 
27 ± 1 

 
p(DMAEA)-ppz 
  150 µg DNA/ml 

 
20 mM acetate,  
200 mg/ml sucrose, pH 5.7 

 
15 

 
380 + 30 

 
N.D. 

 
PEI22 
   150 µg DNA/ml 

 
20 mM acetate, 
200 mg/ml sucrose, pH 5.7 

 
6 

 
400 ± 10 

 
N.D. 

 

In vitro transfection and cytotoxicity of p(DMAEA)-ppz and PEI22 polyplexes 

In vitro transfection activity and cell toxicity of p(DMAEA)-ppz and PEI22 polyplexes were 

studied with Neuro 2A cells. The polyplexes were incubated with the cells in the presence 

of serum (10 %). The transfection activity, as a function of the polymer/DNA ratio showed a 

bell-shaped curve in the case of PEI22 polyplexes (Figure 2a). This has been observed for 

other lipid and polymer-based systems as well [30-33]. Lipo-/polyplexes prepared at 

relatively low N/P ratios do not have the optimal physicochemical characteristics for 

maximal cellular association and internalization, whereas at high N/P ratios transfection 

levels drop due to toxicity of the free, non-DNA associated, cationic polymer. Remarkably, 

the p(DMAEA)-ppz polyplexes do not yield a similar bell-shaped curve, which is likely 

related to the relatively non-toxic nature of this polymer (see next paragraph). Figure 2a 

shows that for PEI22 polyplexes, the maximum degree of gene expression was about two 

orders of magnitude higher than for p(DMAEA)-ppz polyplexes. Efficient in vitro 

transfection activity mediated by PEI22 polyplexes has also been reported with other cell 

types [34-36] and is promoted by the formation of aggregates in the transfection medium. 

Aggregated polyplexes sediment on the confluent cell layer thereby intensifying the cell-

polyplex contact which stimulates subsequent cellular internalization [29]. However, DLS 

analysis showed that not only the PEI22 polyplexes, but also p(DMAEA)-ppz polyplexes 
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aggregated in time, when incubated in the (HBS) medium used for transfection. Apparently, 

this did not result in the similarly high transfection levels as observed in the case of the 

PEI22 polyplexes. Obviously, the PEI22 system possesses advantages regarding 

intracellular trafficking properties (e.g. better endosomal escape [37, 38]) as compared to 

the p(DMAEA)-ppz polyplexes. 

The p(DMAEA)-ppz polyplexes had a substantially lower cytotoxicity than the PEI22 

polyplexes (Figure 2b). This was illustrated by the concentration of polyplexes at which a 

50% reduction in cell viability was observed. In the case of p(DMAEA)-ppz polyplexes, this 

was observed at an N/P ratio of 32 (corresponding to a polymer concentration of 11 µg/ml) 

and for PEI22 polyplexes at an N/P ratio of 5 (corresponding to a concentration of            

0.6 µg/ml). 
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Figure 2. In vitro transfection efficiency (A) and cytotoxicity (B) of p(DMAEA)-ppz (■) and      

PEI22 (▲) polyplexes in Neuro 2A cells in the presence of 10 % serum. Representative graph of 3 

independent series of experiments (mean ±  SD, n=3). 

 

Interactions of p(DMAEA)-ppz and PEI22 polyplexes with blood components 

Upon intravenous injection of cationic polyplexes, interactions with blood constituents   

(e.g. proteins, erythrocytes) have been shown to occur [39, 40]. These interactions will 

dramatically alter the biophysical properties of the polyplexes. Aggregates can be formed 

resulting in altered pharmacokinetics, which in turn might affect the tissue distribution and 

tissue penetration (into e.g. tumor) [26, 39, 41]. Also, interactions between the positively 
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charged polyplexes with negatively charged blood components might destabilize the 

polyplexes. Polyplex dissociation might lead to liberated DNA, which displays unfavorable 

pharmacokinetics and biodistribution patterns compared to polyplexes. Moreover, free DNA 

generally shows poor cellular uptake and consequently displays very poor transfection 

activity [6]. 

The possibility of destabilization of polyplexes by serum proteins was studied using agarose 

gel electrophoresis (Figure 3). In contrast to incubation with pAsp, a known polyplex 

destabilizing [24] (lane 6 and 11), incubation of p(DMAEA)-ppz and PEI22 polyplexes with 

increasing amounts of serum did not result in the release of free plasmid (lane 3-5 and 8-10). 

Nevertheless, polyplex incubation with serum did result in some increase in fluorescence 

intensity. Possibly, serum components are able to weaken the polymer-DNA interaction 

yielding a better accessibility of DNA to EtBr. A similar finding was reported earlier for 

pLL polyplexes [39]. 

 

 
Figure 3. Agarose gel electrophoresis of free DNA and polyplexes in the presence of serum or pAsp. 

Polyplexes were prepared at 150 µg/ml DNA in 20 mM acetate, pH 5.7, containing           200 mg/ml 

sucrose (N/P 15 and 6 for both p(DMAEA)-ppz and PEI22 respectively) and subsequently incubated 

with pAsp or mouse serum for 20 min. Lane 1: free DNA+pAsp; lane 2-5: p(DMAEA)-ppz 

polyplexes + 0, 2, 10, 20 % serum; lane 6: p(DMAEA)-ppz polyplexes+pAsp;     lane 7-10: PEI22 

polyplexes + 0, 2, 10, 20 % serum; lane 11: PEI22 polyplexes+pAsp. 

 

Adsorption of BSA onto polyplexes was studied using DLS and zeta potential 

measurements. Figure 4a shows that addition of BSA strongly decreased the zeta potential 

of both the p(DMAEA)-ppz and PEI22 polyplexes indicating that the negatively charged 

BSA (pI = 5.5) adsorbs onto the polyplex surface. In the case of polyplexes prepared at an 
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N/P ratio of 6, incubation with BSA even reversed the zeta potential from positive values 

(+35 mV and +27, for p(DMAEA)-ppz and PEI22 polyplexes, respectively) to negative 

values (-13 ± 3 mV for both systems). BSA incubated with polyplexes prepared at an N/P 

ratio of 15 also showed a strong decrease in zeta potential, however, charge reversal did not 

occur. This is likely due to the limited amount of BSA added to the dispersions, compared 

to the high amount of positively charged polymer present at this N/P ratio. Binding of BSA 

to the polyplexes affected their mean particle size as well (Figure 4b). Particles grew 

steadily over time, as reflected in the 2-fold increase in particle size, after 20 min of 

incubation. Probably, this increase in size is caused by the ability of BSA to form 

interconnecting bridges between the polyplexes by electrostatic interactions. 
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Figure 4. Effects of BSA addition on zeta potential (A) and average diameter (B) of polyplexes     

(10 µg/ml DNA in 5mM Hepes, pH 7.4, N/P 15 and 6) (mean + SD, n = 3). 

 

The degree of polyplex-induced aggregation of erythrocytes was studied in the presence of 

serum. Several aggregates consisting of up to 20 erythrocytes were visible using light 

microscopy when p(DMAEA)-ppz polyplexes were incubated with erythrocytes (Figure 5a). 

The presence of free polymer in this polyplex dispersion might contribute to this behavior 

[20, 40]. Erythrocyte aggregation was observed earlier for cationic lipo- and polyplexes 

based on high molecular weight PEI [41], pDMAEMA [25] and DOTAP/Cholesterol [42]. 

Erythrocyte incubation with PEI22 polyplexes did not result in erythrocyte aggregation 

(Figure 5b), similar to incubation with HBS (Figure 5c). The low tendency of aggregation 
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(in the absence of serum proteins) in case of PEI22 polyplexes is ascribed to its low 

molecular weight (22 kDa) [41]. 

 

A 

 
 

B 

 

C 

 

 

Figure 5. Light microscopic image of polyplex-

induced erythrocyte aggregation (10 µg/ml DNA 

in 20 mM HBS, pH 7.4, N/P 15 and 6 for 

p(DMAEA)-ppz and PEI22 respectively) in the 

presence of serum; 20 x). p(DMAEA)-ppz 

polyplexes (A), PEI22 polyplexes (B), HBS (C). 

 

 

Pharmacokinetics and biodistribution 

p(DMAEA)-ppz polyplexes prepared at different N/P ratios (15 to 36) were intravenously 

injected into mice bearing a s.c. tumor (Neuro 2A). Lethal toxicity was observed for 

polyplexes with an N/P ratio of 24 and higher. As suggested by the in vitro aggregation data 

(Figure 5a), this toxicity may be caused by occlusion of pulmonary capillaries, as a result of 

the formation of large aggregates. Earlier, the in vivo toxicity of PEI polyplexes was linked 

to the ability to induce erythrocyte aggregation and was found to be dependent on both the 

molecular weight and topology of the polymer, as well as the N/P ratio applied [41, 43]. 
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Tumor bearing mice received an intravenous injection of a p(DMAEA)-ppz (N/P 15) or 

PEI22 (N/P 6) polyplex dispersion at a dose of 30 µg plasmid DNA. None of the mice 

showed signs of apparent toxicity. Figure 6 shows that both polyplexes were rapidly 

eliminated from the circulation (3 ± 1 and 6 ± 2 % ID, at 60 min post-injection (p.i.) for 

p(DMAEA)-ppz and PEI22 polyplexes, respectively). Similar clearance profiles have also 

been observed for naked plasmid DNA [44]. However, the gel electrophoresis data (Figure 

3) indicate that serum components do not liberate DNA from the polyplexes. The observed 

rapid clearance is characteristic for most polyplex systems [10, 45, 46]. Aggregate 

formation as well as opsonization of the polyplexes (or the formed aggregates) by blood 

proteins triggers efficient removal by cells of the mononuclear phagocytic system, 

explaining the rapid clearance of positively charged polyplexes [39]. 
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Figure 6. Blood radioactivity levels of 35S labeled polyplexes after i.v. administration into mice 

bearing a Neuro 2A s.c. tumor (30 µg DNA, N/P 15 and 6 for p(DMAEA)-ppz (■) and PEI22 (▲) 

respectively). Values are given as percentage of injected dose (% ID, mean ± SD, n = 3). 

 

Figure 7 presents the tissue distribution data 5, 60 and 240 min after intravenous 

administration of the polyplexes. The early tissue accumulation data (see levels at 5 min p.i. 

in kidney, heart and tumor) must be interpreted with care as organ perfusion is contributing 

to biodistribution values as long as blood levels are considerable [27]. p(DMAEA)-ppz and 

PEI22 polyplexes substantially localized in the liver (21 ± 2 and 25 ± 3 % ID/ organ 
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respectively, at 60 min p.i.). This observation is in good agreement with other work on 

cationic polyplexes [10, 39]. Kupffer cells in the liver are mainly responsible for capture of 

(opsonized) polyplexes. Accumulation in the spleen, another major tissue of the 

mononuclear phagocytic system, was significant as well (10 ± 1 and 10 ± 3 % ID/organ for 

p(DMAEA)-ppz and PEI22 polyplexes respectively, at 60 min p.i.). The presence of 

discontinuous endothelial cell lining in both organs, allowing access to underlying cells, 

may have contributed to the observed tissue accumulation as well.  

The degree of lung accumulation was striking for p(DMAEA)-ppz and PEI22 polyplexes at 

5 min p.i.(37 ± 17 % and 27 ± 12 % ID/organ, respectively). Erythrocyte aggregation and 

subsequent trapping of the aggregates in the lung vasculature is probably responsible for the 

high lung disposition. In time, both polyplex systems were redistributed from the lung to 

other organs, as suggested by the decreasing lung values (from 37 and 27 % ID/organ at      

5 min p.i. to 7 and 4 % ID/organ at 240 min p.i. for p(DMAEA)-ppz and PEI22 polyplexes, 

respectively). Likely, physical stress (blood flow) will destabilize the lung aggregates in 

time. 

Importantly, substantial tumor accumulation was observed for both polyplex systems (5 ± 1 

and 7 ± 8 % ID/g organ for p(DMAEA)-ppz and PEI22 polyplexes respectively,                  

at 240 min p.i.). It is surprising that both polyplex systems localized in the tumor tissue to a 

similar degree despite their differences in chemical nature, in vitro and in vivo aggregation 

properties and pharmacokinetics. Further investigation is needed to elucidate the 

mechanism(s) behind the tumor localization of the polyplexes. 
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Figure 7. Tissue distribution of 35S labeled p(DMAEA)-ppz (A) and PEI22 (B) polyplexes (30 µg 

DNA, N/P 15 and 6 for p(DMAEA)-ppz and PEI22 respectively), at different time points after i.v. 

administration into mice bearing a Neuro 2A s.c. tumor. Values are given as percentage of injected 

dose per organ (% ID), except for tumor tissue (% ID/g) (mean + SD, n = 3). Average tumor weight 

was 400 mg.  
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In vivo transfection 

Figure 8 presents the tissue and tumor luciferase expression, 24 hrs after intravenous 

administration of the polyplexes. Injection of p(DMAEA)-ppz and PEI22 polyplexes 

resulted in considerable expression of the transgene in the tumor. Tumor gene expression 

for the PEI22 system was 5-10 fold higher than for the p(DMAEA)-ppz system. The 

difference of both systems in tumor gene expression is remarkably small, considering their 

different in vitro transfection capabilities (Figure 2a). For p(DMAEA)-ppz polyplexes, 

luciferase activity values in all major organs were below threshold level or at least 100-fold 

lower than the tumor levels. Injection of PEI22 polyplexes yielded much higher tissue 

levels, with the highest levels of luciferase expression in the liver and, in particular, in the 

lung. High lung expression after intravenous administration has been reported before for the 

majority of positively charged polyplexes including pDMAEMA, PEI800, PEI25 and PEI22 

[26, 41]. It is at present unknown which cell types in the lung are the main target cells for 

transfection after systemic application of cationic polyplexes. Lung endothelial cells are 

likely candidate cells, however, in the case of PEI22 polyplexes, alveolar cells have been 

reported to be transfected as well [47]. Zou et al. recently proposed that a transient opening 

of the endothelial lining might be the underlying mechanism enabling transfection of 

pulmonary cell types [43]. They as well demonstrated that lung transfection induced by 

PEI22 polyplexes could be magnituded by increasing the N/P ratio of these systems. 

Injection of p(DMAEA)-ppz polyplexes with an N/P ratio of 20, however, did not result in 

enhanced luciferase expression in the lung (data not shown). We hypothesize that the lack of 

lung transfection in the case of p(DMAEA)-ppz polyplexes, despite the considerable lung 

localization may relate to our observations that these polyplexes are much less toxic than the 

PEI22 particles (Figure 2b). 
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Figure 8. Luciferase expression 24 hrs after i.v. administration of p(DMAEA)-ppz (white bars) and 

PEI22 (hatched bars) polyplexes (30 µg DNA, N/P 15 and 6 for p(DMAEA)-ppz and PEI22 

respectively) into mice bearing a Neuro 2A s.c. tumor. Luciferase expression is plotted as relative 

light units per organ (RLU/organ) except for tumor tissue (RLU/g) (mean + SD, n = 4).         

Average tumor weight was 400 mg. 
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CONCLUSION 

In summary, this study points out the usefulness of polyplexes based on the biodegradable 

p(DMAEA)-ppz for systemic gene delivery to tumors. Although the in vitro transfection 

efficiency of these systems is low compared to the well-known non-biodegradable 

transfectant PEI22, the degree of tumor gene expression is significant. A remarkable finding 

is that gene expression was primarily confined to tumor tissue, as was not the case for PEI22 

polyplexes. To our knowledge, this is the first report on a cationic, non-shielded, polyplex 

system showing ‘selective’ gene expression at a distant tumor site after intravenous 

administration. 

Studies are underway to exploit this system for the intravenous delivery of therapeutic genes 

to tumor cells in vivo.  
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ABSTRACT 

Previously, we have shown that complexes of plasmid DNA with the biodegradable 

polymer poly(2-dimethylamino ethylamino)phosphazene (p(DMAEA)-ppz) mediated tumor 

selective gene expression after intravenous administration in mice. In this study, we 

investigated the effect of p(DMAEA)-ppz molecular weight on both in vitro and in vivo 

tumor transfection, as well as on complex induced toxicity. p(DMAEA)-ppz with a broad 

molar mass distribution was fractionated by preparative size exclusion chromatography. 

Polyplexes consisting of plasmid DNA and the collected polymer fractions were tested for 

biophysical properties, (cyto)toxicity and transfection activity. Four p(DMAEA)-ppz 

fractions were collected with weight average molecular weights ranging from 130 to        

950 kDa, and with narrow molecular mass distributions (Mw/Mn from 1.1 to 1.3). At 

polymer-to-DNA (N/P) ratios above 6, polyplexes based on these polymers were all 

positively charged (zeta potential 25 to 29 mV), and had a size of 80 to 90 nm. The in vitro 

cytotoxicity of the polyplexes positively correlated with the polymer molecular weight. The 

in vitro transfection activity of the different polyplexes depended on their N/P ratio and was 

affected by the degree of cytotoxicity, as well as the colloidal stability of the different 

polyplexes. Intravenous administration of polyplexes based on the high molecular weight 

polymers led to apparent toxicity, as a result of polyplex-induced erythrocyte aggregation. 

On the other hand, administration of polyplexes based on low molecular weight 

p(DMAEA)-ppz’s (Mw 130 kDa) did not show signs of toxicity and resulted in tumor 

selective gene expression. Polymer molecular weight fractionation enabled us to optimize 

the transfection efficiency/toxicity ratio of p(DMAEA)-ppz polyplexes for in vitro and       

in vivo tumor transfection. 
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INTRODUCTION 

Non-viral gene delivery holds promise as a therapy against cancer. The genes used for 

application in anticancer gene medicine encode for antigens, cytokines and suicide proteins 

[1]. In order to efficiently reach metastatic tumors, intravenous administration is the 

preferred route of administration. In this light, cationic polymers can be useful. The 

condensation of plasmid DNA using cationic polymers results in positively charged, 

nanosized polyplexes with improved resistance against nucleases present in blood and other 

extracellular fluids. In addition, positively charged polyplexes are readily taken up by the 

target cells. Moreover, surface modification of polyplexes enables improved circulation 

kinetics and tumor targeting. Indeed, the application of polymers for cancer gene therapy so 

far has resulted in tumor regression in several animal models [1, 2].  

Cationic polymers currently used for gene delivery are mostly non-degradable and 

cytotoxic, limiting their widespread use. The application of biodegradable polymers in 

polyplexes is a means to prevent long-term polymer tissue accumulation and therefore to 

limit toxicity [3]. Ideally, the degradation of the polymer will result in low molecular weight 

fragments which will be subjected to glomerular kidney filtration or will be metabolized [4]. 

Recently, we reported on the application of the biodegradable poly(2-dimethylamino 

ethylamino)phosphazene (p(DMAEA)-ppz, Figure 1) for tumor gene delivery.  
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Figure 1. Structure of poly(2-dimethylamino ethylamino)phosphazene (p(DMAEA)-ppz). 
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It was shown that polyplexes based on p(DMAEA)-ppz mediated gene expression to a 

similar extent as linear polyethylenimine (PEI). Gene expression was confined to the tumor 

tissue, whereas the use of PEI polyplexes also resulted in substantial expression in non-

target organs, particularly in lungs, spleen, and liver [5]. 

Biodegradable as well as non-biodegradable gene delivery polymers generally have broad 

molecular weight distributions. Several studies have reported on the importance of polymer 

molecular weight in the outcome of transfection [6-17]. From these studies, it appears that 

polymer molecular weight not only affects the transfection efficiency of the polyplexes, but 

also polyplex formation and cytotoxicity. Moreover, polymer molecular weight was found 

to affect the pharmacokinetics of the polyplexes [10, 12, 16]. For a better understanding of 

how polymer molecular weight affects transfection activity, these studies are of limited use 

as the polymers were poorly characterized, had a broad molecular weight distribution, or 

varied in additional characteristics like branching and conjugation with shielding or 

targeting ligands. Moreover, several studies included only two different molecular weights, 

or focused on parameters other than transfection activity. To our knowledge, only few 

studies have related polymer molecular weight and in vitro transfection activity, using a 

series of polymers with narrow molecular weight distributions [18-21]. None of these 

studies addressed the additional issue of intravenous administration and/or in vivo tumor 

transfection.  

In this study, we used size exclusion chromatography to fractionate a batch of p(DMAEA)-

ppz with a broad molecular weight distribution. We obtained four fractions with different 

molecular weights and relatively narrow molecular weight distributions. Using these 

fractions, we were able to assess the effect of polymer molecular weight on the transfection 

efficiency/toxicity ratio of p(DMAEA)-ppz polyplexes for in vitro and in vivo tumor 

transfection.  
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MATERIALS AND METHODS 

 

Materials 

The plasmid used in this study, pcDNA3Luc, consists of the coding region for firefly 

luciferase inserted in the plasmid pcDNA3 (Invitrogen, UK) and is under the transcriptional 

control of the cytomegalovirus immediate promoter. Endotoxin-free pcDNA3Luc was 

produced by Plasmid Factory (Bielefeld, Germany). An ethidium bromide (EtBr) stock 

solution was obtained from Sigma (Zwijndrecht, The Netherlands). Luciferase assay 

reagent, reporter gene lysis buffer, and Quantilum recombinant luciferase were obtained 

from Promega (Leiden, The Netherlands).  

 

Methods 

Polymer synthesis 

Poly(2-dimethylamino ethylamino)phosphazene (p(DMAEA)-ppz) was synthesized and 

purified as previously described [22, 23]. In brief, poly(dichloro)phosphazene was 

synthesized from hexachlorocyclotriphosphazene at 250 °C in 1,2,4,- trichlorobenzene using 

sulfamic acid and CaSO4.2H2O as an initiating system [24]. Next, the formed 

poly(dichlorophosphazene) was substituted with 2-dimethylamino ethylamine. The resulting 

polymer was purified by extensive dialysis against water and THF, and the solvent was 

removed under reduced pressure. Finally, the polymer was lyophilized. 

 

Preparative SEC fractionation 

A batch of the starting polymer p(DMAEA)-ppz with a broad molar mass distribution was 

fractionated using a size exclusion chromatography (SEC) system. The SEC system 

consisted of a Waters 600 EF pump, connected to a Waters 2700 sample manager. A semi-

preparative column set (Shodex OHpak SB-LG, OHpak SB-2006M) was used. The eluent 

was 0.3 M NaAc (pH 5.0) with a flow rate of 1.5 ml/min. This eluent suppresses ionic 

interactions between the polymer and the stationary phase [25].  

For each fractionation run, 500 µl of a solution of p(DMAEA)-ppz (10 mg/ml in eluent) was 

injected onto the column. Ten fractions were collected at 2 min intervals. The corresponding 

fractions from 400 repeated runs were pooled, extensively dialyzed against water and 
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collected after freeze-drying. From the resulting 10 fractions, 2 high molecular weight 

fractions were selected (ppz950 and ppz570) and used for experimental evaluations. Two 

fractions with intermediate molecular weight were dissolved, pooled and subjected to a 

second fractionation, using the same SEC settings as described above. To this end,               

5 fractions were collected at 3 min intervals, dialyzed and freeze-dried. From the resulting 

fractions, 2 low molecular weight fractions (ppz290 and ppz130) were selected for further 

evaluations. 

 

Characterization of the polymer fractions 

The average molecular weights and the molecular weight distribution of the fractionated 

polymers were determined by SEC, using a Viscotek VE 2001 system [25]. Two Shodex 

SB-804M columns with a pre-column (Shodex OH-pak SB-G) were connected to a Triple 

Detector Array 302, equipped with a low and a right angle light scattering detector,              

a viscometer detector and a refractive index detector. The eluent was 0.3 M NaAc (pH 4.4) 

with a flow-rate of 1.0 ml/min. The refractive index increment (dn/dc) of p(DMAEA)-ppz 

was determined by injecting p(DMAEA)-ppz solutions with different concentrations         

(1-10 mg/ml) directly into the refractive index detector. Molecular weight data analysis was 

performed by OmniSEC 4.1 software. 

A 31P -nuclear magnetic resonance (31P-NMR) spectrum of the fractionated polymers was 

recorded on a Varian Inova 500 MHz spectrometer (Varian, USA) [23]. 

 

Preparation of the polyplexes 

Plasmid DNA encoding for firefly luciferase (pcDNA3Luc) was used for all experiments. 

The molar polymer-to-DNA (N/P) ratio of the polyplexes varied from 1.5 to 100. A mass 

per charge of 110 and 330 Da was used for p(DMAEA)-ppz and DNA, respectively. 

Polyplexes for the in vitro experiments were prepared at a DNA concentration of 10 µg/ml. 

The buffers used for the preparation of the polyplexes had either a low ionic strength (5 mM 

Hepes, pH 7.4 or 20 mM Hepes, 5 % w/v glucose, pH 7.4, HBG) or a high ionic strength 

(20 mM Hepes, 150 mM NaCl, pH 7.4, HBS). Polyplexes were prepared by adding              

4 volumes of the polymer solution to 1 volume of the DNA solution. The resulting 

dispersions were vortexed and incubated for 30 min at room temperature before use [26]. 
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Polyplexes for the in vivo studies and for the in vitro erythrocyte aggregation assays were 

prepared at a DNA concentration of 150 µg/ml (20 mM Hepes, 5 % w/v glucose, pH 7.1) by 

adding 1 volume of a polymer solution to 1 volume of DNA solution. The resulting 

dispersions were vortexed and incubated for 30 min at room temperature. Then, one tenth a 

volume of a 50 % w/v D-glucose stock was added to obtain iso-osmolarity [27]. 

 

Characterization of the polyplexes 

The average hydrodynamic diameter and the zeta potential of the polyplexes were 

determined using dynamic light scattering and electrophoretic mobility measurements, 

respectively, at a DNA concentration of 10 µg/ml. The size of the polyplexes was 

determined using an ALV CGS-3 system (Malvern Instruments, UK). The zeta potential of 

the polyplexes was determined using a Zetasizer 2000 (Malvern instruments, UK). Both 

instruments were calibrated using polystyrene latex beads of defined size and zeta potential.  

Condensation of DNA by the polymers was determined using an ethidium bromide (EtBr) 

fluorescence quenching assay [28]. EtBr was added to a DNA solution 10 min prior to 

polyplex formation at a molar ratio of 1 to 8. Next, EtBr labeled polyplexes were prepared 

at a DNA concentration of 10 µg/ml in Hepes or HBS, as described earlier. The resulting 

fluorescence was quantified using a Fluorstar Optima plate-reader (BMG Lab Tech, 

Germany). Fluorescence values were measured at an excitation/emission wavelength of 500 

and 600 nm, respectively and converted into relative, residual fluorescence (Fr) using the 

following equation: 

 

Fr = (Fobs – Fe)/(F100 – Fe),  

 

where Fobs is the observed fluorescence of the polyplex samples (DNA + polymer), Fe is the 

fluorescence of EtBr in the absence of DNA and polymer, and F100 is the fluorescence of 

EtBr in the presence of DNA and in the absence of polymer. 

 

In vitro transfection  

Neuro 2A (Murine Neuroblastoma) cells (ATCC CCL-131) were cultured in RPMI 1640 

medium completed with bovine calf serum (10 %) and antibiotics/antimycotics (100 U/ml 
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penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin B) at 37 oC at a 5 % CO2 

humidified atmosphere. 

Transfection and cytotoxicity studies were carried out in serum containing medium, as 

described earlier [5]. In brief, cells were seeded in a 96-well plate at a density of 1x104 

cells/well. After twenty four hrs, cells were overlaid with fresh medium (100 µl) and 

subsequently overlaid with a polyplex dispersion (100 µl, 1 µg DNA, HBS or HBG). Cells 

were incubated with the polyplexes for 1 hr. Subsequently, the medium was refreshed and 

the cells were cultured for another 24 hrs. All transfection experiments were carried out in 

duplicate in two separate 96-well plates. One series was tested for reporter gene expression 

(luciferase activity) [5], the other series was tested for cell viability using an XTT 

colorimetric assay [29].  

Luciferase activity was measured after lysis of the cell pellet by the addition of 100 µl 

reporter gene lysis buffer followed by a single freeze/thaw cycle. Luciferase activity of the 

samples was determined using a Berthold 9507 Luminometer (EG&G Benelux BV, The 

Netherlands) by mixing 20 µl of the defrosted cell lysate with 100 µl of luciferase assay 

reagent. Relative light units (RLU) were measured for 10 s at room temperature and were 

corrected for background values. In this setting, 6x103 RLUs corresponded to 1 pg of 

recombinant luciferase. 

The percentage of viable cells was tested using an XTT colorimetric assay, based on the 

metabolic, cellular reduction of a tetrazolium reagent [29]. Cell viability values were 

normalized to values obtained after incubation with buffer only. 

 

Polyplex-induced erythrocyte aggregation 

Mouse erythrocytes were isolated from heparinized blood by centrifugation. The erythrocyte 

pellet was washed several times with HBS buffer. Subsequently, a suspension was prepared 

by diluting the erythrocyte pellet 40 times with HBS. To 20 µl of the different polyplex 

dispersions (150 µg/ml DNA in 20 mM Hepes, 5 % w/v glucose, pH 7.1, N/P ratio 12),   

230 µl of the erythrocyte suspension was added. After 1 hr of incubation at 37 °C, aliquots 

of the suspensions were taken for microscopic analysis (20 x). 
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In vivo gene expression studies 

The animal experiments were performed according to national regulations and approved by 

the local animal experiments ethical committee. Six-week old male A/J mice (Harlan, The 

Netherlands) were inoculated with 1x106 Neuro 2A cells in the left flank. Eight to 12 days 

after inoculation, at an average tumor volume of 0.4-0.8 cm3, the different polyplex 

dispersions were injected into the tail-vein of the mice (0.2 ml, corresponding with 30 µg 

DNA). The mice were sacrificed 24 hrs after injection by cervical dislocation and luciferase 

levels of the different organs were assessed as previously described [30]. Briefly, organs 

were homogenized in 0.5 to 1 ml of reporter gene lysis buffer, using a tissue homogenizer. 

The tissue homogenates were incubated on ice for 30 min, then vortexed and subsequently 

centrifuged at 12,000 g for 10 min. The luciferase activity of the samples was determined 

using a Berthold 9507 Luminometer by mixing 20 µl of the supernatant with 100 µl of 

luciferase assay reagent. Relative light units (RLU) were measured for 10 s at room 

temperature and were corrected for background values. In this setting, 6x103 RLUs 

corresponded to 1 pg of recombinant luciferase. The transfection activity of the polyplexes 

was expressed as RLU/organ or RLU/tumor. 
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RESULTS AND DISCUSSION 

 

Polymer synthesis  

A batch of polymer p(DMAEA)-ppz was synthesized and purified as previously described 

[23]. The SEC chromatogram of this starting polymer is shown in Figure 2A. The polymer 

had a weight average molecular weight of 680 kDa (Table 1). The measured molecular 

weight distribution was around 2 and is a consequence of the method of polymerization  

[22-24].  

 

Fractionation 

Aqueous size exclusion chromatography (SEC) was used for fractionation and analysis of 

the p(DMAEA)-ppz polymers. The combined, online use of a series of detectors (low and 

right angle light scattering, viscosity, refractive index) enabled the determination of the 

absolute molecular weight of the fractionated polymers, as well as their molecular weight 

distribution. The refractive index increment (dn/dc) of p(DMAEA)-ppz was determined to 

be 0.159 mL/g. 

Figure 2B shows the SEC chromatogram of one of the fractions of p(DMAEA)-ppz 

(ppz290). The molecular weight distribution of this fractionated polymer was relatively 

narrow (Mw/Mn 1.2, Table I). The same held true for the other fractionated polymers 

(Mw/Mn 1.1-1.3). The weight average molecular weight of the different polymers ranged 

from 130 to 950 kDa which corresponds to hydrodynamic radii ranging from 8 to 26 nm. 

The dependency of the calculated molecular weight on retention volume was found to be 

linear for the different polymers, demonstrating good SEC separation conditions. 
31P-NMR analysis of the selected fractions showed one peak at 1.7 ppm [23] indicating that 

no polymer degradation had occurred during the fractionation process.  
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Figure 2. SEC chromatogram of the starting polymer (A) and polymer fraction ppz290 (B).          

Left axis: low angle light scattering (bright grey), viscosity (medium grey), refractive index (dark 

grey). Right axis: calculated molar mass dependency (black). 
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Table 1. Characterization of the starting polymer and the obtained polymer fractions. 

Fraction Mw (kDa) Mn (kDa) Mw/Mn Rh (nm) 

 

Starting ppz 

 

680 

 

390 

 

1.8 

 

21 

Ppz950 950 850 1.1 26 

Ppz570 570 440 1.3 19 

Ppz290 290 250 1.2 13 

Ppz130 130 100 1.3 8 

 

Biophysical characterization 

Polyplexes with a mean size between 80 to 90 nm were formed upon complexation of the 

different polymer fractions with plasmid DNA at a relatively low DNA concentration       

(10 µg/ml) and at low ionic strength (Hepes buffer), independent of the polymer molecular 

weight (Table 2).  

All polyplexes had a positive surface charge (zeta potential 25-29 mV). At high ionic 

strength (HBS), the different polyplexes gradually aggregated. Most likely, aggregation 

occurs due to the reduction in zeta potential of the particles which leads to a decrease in 

interparticle repulsion and colloidal stability. Aggregate formation was observed over a 

broad range of N/P ratios in the case of the polyplexes based on the smaller molecular 

weight polymers (ppz290 and ppz130), whereas the higher molecular weight polymers 

showed aggregate formation only at N/P ratios of 3 to 6 (starting polymer, ppz950 and 

ppz570, Figure 3).  
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Table 2. Mean diameter (nm) and zeta potential (mV) of p(DMAEA)-ppz polyplexes. Polyplexes 

were measured after 1 hr of incubation (mean ± SD, n = 3). Polydispersity values of the polyplexes 

were within acceptable limits (< 0.3).  

 10 µg DNA/ml, N/P 6, 
Hepes or HBS buffer 

 

150 µg DNA/ml 
HBG buffer 

 Mean zeta 
potential 
Hepes  
 

Mean 
diameter 
Hepes  

Mean 
diameter 
HBS 

Mean 
diameter 
N/P 6 

Mean 
diameter 
N/P 12 

Mean 
diameter 
N/P 20 

 
Starting 
polymer 

 

33 ± 6 

 

85 ± 4 

 

770 ± 250 

 

175 ± 0 

 

162 ± 20 

 

N.D. 

Ppz950 29 ± 2 93 ± 7 170 ± 12 226 ± 13 195 ± 10 N.D. 

Ppz570 25 ± 5 78 ± 1 330 ± 13 182 ± 16 128 ± 4 N.D. 

Ppz290 26 ± 7 79 ± 3 > 1000 N.D. 152 ± 13 158 ± 10 

Ppz130 28 ± 1 84 ± 6 > 1000 N.D. 145 ± 12 126 ± 7 

 

The low colloidal stability of the polyplexes based on the low molecular weight polymers is 

in good agreement with earlier findings on PEI, pLL, and pDMAEMA polyplexes           

[12, 16, 21]. Probably, the low molecular weight polymers have reduced DNA condensation 

abilities, due to their reduced number of electrostatic interactions, leading to intensified 

aggregation at high ionic strength. At low ionic strength and at a relatively high DNA 

concentration (150 µg/ml DNA in HBG), again small particles were formed, though the 

complexes were somewhat bigger than formed at lower DNA concentration (Table 2).  
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Figure 3. Aggregation of p(DMAEA)-ppz polyplexes at high ionic strength. Particle size of 

complexes based on the starting polymer (circles) and ppz130 (diamonds), after 1 hr of 

incubation in HBS (20 mM Hepes, 150 mM NaCl, pH 7.4) (mean, n = 3). 

  

The DNA binding ability of the different p(DMAEA)-ppz’s was determined by measuring 

the fluorescence remaining upon addition of the different polymers to EtBr labeled DNA 

(Figure 4). At low ionic strength (Hepes buffer), at N/P ratios of 6 and higher, the extent of 

DNA binding was similar for the different p(DMAEA)-ppz’s (20 % of the original 

fluorescence remaining). Complexation of DNA with the starting polymer resulted in a 

considerably stronger DNA binding (residual fluorescence 9-13 %). At high ionic strength 

(HBS), 50 % of the original fluorescence was remaining after incubation with the 

fractionated polymers (data not shown), pointing to a reduced DNA binding capability. 

Also, the starting polymer showed a lower DNA binding ability, albeit stronger than the 

fractionated polymers (35 % of the original fluorescence remaining). The DNA binding 

observed for the starting polymer, as reflected by the quenching of EtBr fluorescence, is 

similar to values observed for linear PEI (Mw 22 kDa, PEI22). Mixing of the different 

p(DMAEA)-ppz fractions in equal mass ratios yielded less EtBr quenching than observed 

for the starting polymer. Most likely, a particular molecular weight fraction with a high 

DNA binding ability was present within the starting polymer and is lost during 

fractionation. 
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Figure 4. DNA binding of p(DMAEA)-ppz polymers.  DNA binding was measured in Hepes buffer 

and quantified as percentage residual fluorescence, 1 hr after addition of polymer to EtBr labeled 

DNA (mean ± SD, n = 3). 

 

Polyplex cytotoxicity 

Cytotoxicity of the different p(DMAEA)-ppz polyplexes was determined using the XTT 

assay, by comparing the cellular mitochondrial activity of the polyplex treated cells to that 

of untreated cells. Figure 5 shows the relative cell viability of Neuro 2A cells, 24 hrs after 

transfection with the polyplexes prepared at different N/P ratios. Cytotoxicity positively 

correlated with polymer molecular weight, in good agreement with earlier findings on PEI, 

PLL and other polymers [14, 15, 21, 31, 32]. Polyplexes based on the starting polymer 

showed significant cytotoxicity, similar to polyplexes based on the high molecular weight 

polymer fractions (ppz950 and ppz570). Polyplexes based on PEI22 were found to be 

equally cytotoxic as ppz290 based polyplexes, at the different N/P ratios. At 48 hrs after 

transfection, a similar molecular weight correlation was found (data not shown).  

Recently, the mechanisms underlying the enhanced cytotoxicity of 27 kDa PLL polyplexes 

was investigated, in comparison to 2.9 kDa PLL polyplexes [15, 33]. The 27 kDa PLL was 

found to initiate a stronger, early stage, cell membrane perturbation than the low molecular 

weight polymer, possibly as a result of the more extensive interactions with the cell surface. 

Moreover, only the 27 kDa PLL and not the 2.9 kDa PLL induced a direct release of 
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cytochrome C from isolated mitochondria, a phenomenon related with late stage 

cytotoxicity [15]. Similar factors might underlie the enhanced cytotoxicity observed for the 

high molecular weight p(DMAEA)-ppz’s used in this study. 
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Figure 5. Cytotoxicity of p(DMAEA)-ppz polyplexes towards Neuro 2A cells, 24 hrs after incubation 

(mean ± SD, n = 3). 

 

In vitro transfection activity 

The in vitro transfection activity of the different p(DMAEA)-ppz polyplexes was 

investigated. Figure 6 shows the luciferase expression by Neuro 2A cells, 24 hrs after 

transfection with the polyplexes prepared at different N/P ratios. The maximum degree of 

gene expression was about two orders of magnitude lower than that observed for polyplexes 

based on PEI22 (N/P 6). Transfection with polyplexes based on the 290 kDa p(DMAEA)-

ppz resulted in a bell-shaped curve [21] with highest gene expression levels at N/P ratios of 

6 to 50 (Figure 6D). At low N/P ratios, transfection activity is low, as the polyplexes do not 

have the favorable physicochemical characteristics required for efficient cellular adhesion, 

internalization, and a limited extent of (endosomal and nuclear) membrane permeabilization 

activity [18, 21, 33]. At high N/P ratios, gene expression levels drop most likely due to 

cytotoxic effects exerted by free, non-DNA associated polymer. In the case of the lowest 

molecular weight polymer (ppz130), gene expression levels only slightly decrease even at 

high N/P ratios (Figure 6E). The low cytotoxicity of the polyplexes based on this polymer  
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Figure 6. In vitro gene expression of Neuro 2A 

cells after transfection with p(DMAEA)-ppz 

polyplexes. Relative light units per well, 24 hrs 

after transfection (mean + SD, n = 3). 
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enables gene expression even at these high N/P ratios. Transfection with polyplexes based 

on the starting polymer and the highest molecular weight fraction ppz950 resulted in 

reduced transfection activity at the intermediate N/P ratios of 6 to 50. Likely, pronounced 

cytotoxicity at these N/P ratios opposes the transfection process (see Polyplex cytotoxicity). 

Complexes based on ppz570 displayed a somewhat intermediate gene expression profile 

(Figure 6C). 

Polyplexes based on the starting polymer and on ppz950 showed a striking maximum in 

transfection activity at an N/P ratio of 3 (Figure 6A, 6B). To study this phenomenon in more 

detail, polyplexes based on the starting polymer were prepared in transfection medium with 

high ionic strength (HBS) and in transfection medium with low ionic strength (HBG). In 

contrast to the polyplexes prepared in HBS, which rapidly aggregated at N/P ratios of 3 to 6 

(diameter 800 to >1000 nm, see also Figure 3), polyplexes prepared in HBG remained small 

in time (diameter ~ 100 nm at all N/P ratios > 1.5). Transfection activity of the ‘HBS’ 

aggregated polyplexes was 15-25 fold higher than their non-aggregated counterparts  

(Figure 7). Most likely, complex aggregation in the transfection medium (HBS) is the cause 

for the observed peak in transfection activity (at N/P 3 to 6, Fig 6A). Earlier, aggregate 

formation has been found to improve transfection efficiency, likely due to complex 

sedimentation which enhances the cellular contact and subsequent cellular internalization 

[34, 35]. Therefore, likely, the polyplex aggregation observed for the different polymers 

(see also Biophysical characterization, Figure 3) contributes to the different in vitro gene 

expression profiles, observed in Figure 6.  
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Figure 7. Effect of ionic strength on the in vitro transfection activity of p(DMAEA)-ppz polyplexes. 

Transfection values of polyplexes based on the starting polymer, prepared at high ionic strength 

(HBS) relative to values determined for polyplexes prepared at low ionic strength (HBG), 24 hrs 

after transfection of Neuro 2A cells (mean, n = 3). 

 

Safety aspects 

Polyplex-induced erythrocyte aggregation is an important factor determining the toxicity of 

polyplexes after intravenous administration [36]. The extent of erythrocyte aggregation was 

studied, one hr after incubation with the different polyplexes (150 µg/ml DNA,                 

size 130-230 nm, Table 2). At an N/P ratio of 12, the degree of erythrocyte aggregation was 

found to correlate with the molecular weight of the polymer used. Extensive aggregation 

was observed for polyplexes based on the starting polymer and the high molecular weight 

fractions (ppz950 and ppz570) (Figure 8A-8C). Incubation of the erythrocytes with 

polyplexes based on the lower molecular weight polymers (ppz290 and ppz130) clearly 

resulted in a more limited erythrocyte aggregation (Figure 8D, 8E). For all polymers, the 

extent of aggregation was found to be positively correlated with the N/P ratio applied, 

indicating that free polymer contributes to erythrocyte aggregation [36, 37]. 

The extent of polyplex-induced erythrocyte aggregation correlated with the toxicity 

observed after intravenous administration of the different p(DMAEA)-ppz polyplexes in 

mice. Tail-vein administration of polyplexes of the starting polymer or the high molecular 
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Figure 8. p(DMAEA)-ppz polyplex-induced 

erythrocyte aggregation (representative example 

at an N/P ratio of 12). Light microscopic image 

of erythrocytes, after 1 hr of incubation with 

polyplexes based on the starting polymer (A), 

ppz950 (B), ppz570 (C), ppz290 (D), ppz130 (E). 

 

 

weight polymers ppz950 and ppz570 was limited to those with N/P ratios of 6 and lower, as 

lethal toxicity occurred at higher N/P ratios. Remarkably, polyplexes based on the lower 

molecular weight polymers ppz290 and ppz130 could be administered at two to three fold 

higher N/P ratios (12 and 20) without causing any apparent toxicity. Polyplex-induced 

erythrocyte aggregation and subsequent capillary occlusion is the likely mechanism linking 
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polymer molecular weight and in vivo toxicity. An association between polymer molecular 

weight, erythrocyte aggregation and toxicity after intravenous administration has been 

suggested earlier for PEI polyplexes [38].  

 

In vivo transfection 

Tumor and organ gene expression was studied, 24 hrs after administration of the polyplexes 

into the tail vein of tumor-bearing mice (N/P ratio of 12 and 20). As a result of occurring 

toxicity (see Safety aspects), gene expression mediated by polyplexes based on the starting 

polymer and the high molecular weight ppz950 and ppz570 could not be determined at these 

N/P ratios. At a lower N/P ratio of 6, polyplexes of the latter polymers did not show 

significant gene expression in any of the organs. Possibly, the absence of gene expression is 

due to the limited amount of polymer present, leading to complex neutralization or complex 

dissociation after opsonization by serum proteins [1, 10]. The administration of polyplexes 

of the lower weight polymers (ppz290 and ppz130) resulted in considerable tumor gene 

expression, when prepared at an N/P ratio of 20 (Figure 9A, 9B). However, gene expression 

was not only confined to the tumor tissue, but was also observed in liver and lung. At an 

N/P ratio of 12, intravenous administration of polyplexes based on the lowest molecular 

weight polymer (ppz130) resulted in gene expression which was confined to the tumor 

tissue. This tumor selective gene expression is in good agreement with earlier findings on 

p(DMAEA)ppz based polyplexes. The extent of luciferase expression was similar to that 

observed for polyplexes based on PEI22 (N/P 6) [5]. 
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Figure 9. Luciferase expression, 24 hrs after i.v. administration of ppz290 polyplexes (A) and 

ppz130 polyplexes (B) into mice bearing a Neuro 2A s.c. tumor (30 µg DNA/mouse).                  

White bars: N/P ratio 12, hatched bars: N/P ratio 20. Luciferase expression is plotted as relative 

light units per organ (RLU/organ) (mean + SD, n = 4). Average tumor weight was 600 mg.  
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CONCLUSION 

p(DMAEA)-ppz’s with different molecular weights ranging from 130 to 950 kDa and with 

narrow molecular weight distributions were obtained by size exclusion chromatography. 

Polyplexes based on these polymers were prepared and tested for biophysical properties, 

(cyto)toxicity, erythrocyte aggregation and in vitro and in vivo tumor transfection. 

Polymer molecular weight affected many aspects important in tumor transfection. By 

varying the polymer molecular weight, we were able to optimize the transfection 

efficiency/toxicity ratio of the p(DMAEA)-ppz polyplexes for in vitro and in vivo tumor 

transfection. This study shows that in order to obtain well-characterized polyplex 

transfection systems, there is a need to use polymers with defined molecular weights and 

narrow distributions. 
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ABSTRACT 

A series of cationic, methacrylamide polymers was tested for use as a biodegradable gene 

carrier in ovarian cancer. Tumor transfection activity of polyplexes consisting of a reporter 

gene and different methacrylamide polymers was assessed, after intraperitoneal injection in 

mice bearing an ovarian cancer xenograft. In this model, polyplexes based on p(HPMA-

DMAE) showed transfection activity similar to polyplexes based on the non-degradable and 

rather toxic polyethylenimine (PEI22). The tumor transfection activity of the pHPMA-

DMAE polyplexes was remarkable considering their poor transfection activity in in vitro 

assays. Polyplexes based on pHPMA-DMAE were devoid of any cytotoxicity and mediated 

highest transfection activity at the highest N/P ratio investigated. Tumor cell gene 

expression after a single administration of these polyplexes rapidly declined within time, at 

a similar rate as observed after injection with polyplexes based on PEI22. Incubation of the 

polyplexes with hyaluronic acid (HA), a polyanion accumulating in the ascitic fluid of 

ovarian cancer bearing mice, changed the physical characteristics of the pHPMA-DMAE 

and PEI22 polyplexes. The transfection activity of PEI22-based polyplexes, but not that of 

pHPMA-DMAE-based polyplexes, was strongly impaired by HA. Differences in HA 

sensitivity might have contributed to the in vivo gene expression activities of pHPMA-

DMAE and PEI22-based polyplexes. pHPMA-DMAE-based polyplexes have potential for 

use in ovarian cancer therapy as a result of their considerable transfection activity, their low 

cytotoxicity and their HA resistance.  
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INTRODUCTION 

Ovarian cancer is a frequently occurring malignancy disorder with a high mortality. 

Detection occurs at advanced cancer stages when the ovarian capsule has disrupted and 

clusters of exfoliated tumor cells spread across the peritoneal cavity. Intraperitoneal 

dissemination is commonly associated with the formation of ascites, the accumulation of 

fluid within the peritoneum [1, 2]. Resistance against current chemotherapeutics often 

develops rapidly [1]. Prognosis might be improved by new innovative strategies such as 

anti-cancer gene therapy, applicable in the advanced stage of ovarian cancer [3, 4].  

Ovarian cancer cells tend to remain localized in the peritoneal cavity, allowing for the 

regional delivery of the gene of interest [3]. Cationic polymers have shown to greatly 

improve gene transfer to the peritoneal tumor cells in different ovarian cancer models. Louis 

et al. demonstrated significant reporter gene expression in the tumor nodes present in the 

peritoneal cavity of ovarian cancer-bearing mice, after i.p. administration of polyplexes 

based on the linear polymer polyethylenimine (22 kDa, PEI22) [5]. Interestingly, the i.p. 

administration of DNA delivery systems enables a relative tumor cell selectivity. This is not 

only due to the particular peritoneal organization, which allows passive targeting of the 

polyplexes, but also due to the susceptibility of the proliferating tumor cells to non-viral 

gene delivery [5]. Nevertheless, for efficient transfection of the ovarian cancer cells in the 

peritoneal cavity, high and frequent dosing of polyplexes appears to be needed [5, 6]. This is 

likely the result of the inhibiting effects of hyaluronic acid and other polyanions, 

accumulating in the ascitic fluid [5, 7-10]. The toxicity of the cationic polymers tested for 

gene transfer in ovarian cancer so far (poly(2-(dimethylamino)ethyl methacrylate) and 

PEI22) poses a potential drawback when frequent and high dosage regimes are warranted 

[5, 6, 11]. 

Recently, a series of biodegradable, cationic methacrylamide-based polymers has been 

studied for in vitro gene delivery to cancer cells [12]. Polyplexes based on these polymers 

destabilized within hours to days at physiological conditions and demonstrated a low 

cytotoxicity profile. We reasoned that these methacrylamide-based polymers would be 

suitable carriers for the i.p. delivery of DNA to ovarian cancer tumor cells. Their low 

cytotoxicity might allow the administration of polyplexes at polymer concentrations high 

enough to counteract the above mentioned negative effects of polyanions. In this study, we 
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investigated the transfection activity of polyplexes based on cationic methacrylamide 

polymers, in the OVCAR-3 ovarian cancer mouse model. As a reference, we used 

polyplexes based on the non-degradable polymer PEI22, a cationic polymer referred to as 

the golden standard in polymer-mediated gene delivery [5]. 
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MATERIALS AND METHODS 

 

Materials  

Plasmid encoding for firefly luciferase, pcDNA3Luc, was produced by Plasmid Factory 

(Bielefeld, Germany). The plasmid is under the transcriptional control of the 

cytomegalovirus immediate promoter. Luciferase assay reagent, reporter gene lysis buffer, 

and quantilum recombinant luciferase were obtained from Promega (Leiden, The 

Netherlands). Hyaluronic acid (HA, Mw ~ 2MDa) and ethidium bromide (EtBr) were 

purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). N-(3-aminopropyl) 

methacrylamide hydrochloride (NAPMAm) was obtained from Polysciences (Eppelheim, 

Germany). Linear polyethylenimine (PEI22, Mw 22 kDa) was a generous gift from prof. dr. 

E. Wagner (Ludwig-Maximilians-Universität München) [13]. 

The cationic methacrylamide-based polymers (pHPMA-DMAE, pHPMA-DEAE, pHPMA-

DMAPr, pHPMA-MPPM, and pHPMA-DBMPAP, structures given in Figure 1) were 

synthesized as previously described [12]. INF conjugated pHPMA-DMAE was synthesized 

by copolymerization of HPMA-DMAE (95 mol %) with NAPMAm (5 mol %), followed by 

conjugation of the reduced di-INF-7 peptide [14]. The INF-conjugation efficiency was      

38 %, as determined by the measurement of the amount of released pyridine-2-thion (UV 

absorption) [14]. 

 

Methods 

Preparation of the polyplexes  

Polyplexes were prepared at different molar ratios of ionizable nitrogen to phosphate DNA 

(N/P ratio), ranging from 6 to 100. The mass per ionizable nitrogen of the methacrylamide 

units depended on the side group (pHPMA-DMAE 250, pHPMA-DEAE 286, pHPMA-

DMAPr 272, pHPMA-MPPM 298, and pHPMA-DBMPAP 414 Da). The mass per nitrogen 

of PEI22 and the mass per phosphate of DNA were 43 and 330 Da, respectively. Polyplexes 

were prepared in 20 mM Hepes, 5 % w/v glucose, pH 7.1 (HBG) at a DNA concentration of 

150 µg/ml. In short, different amounts of polymer (depending on the N/P ratio) were 

dissolved in 450 µl of a 20 mM Hepes solution, pH 7.1. The polymer solution was added to 

450 µl of 20 mM Hepes, pH 7.1, containing 150 µg DNA. The resulting dispersions were 
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vortexed and incubated for 30 min at room temperature. Then, 100 µl of a 50 % w/v D-

glucose solution was added to obtain an isotonic dispersion [13]. For the in vivo 

experiments, polyplex dispersions were used as such. For the in vitro experiments, polyplex 

dispersions were diluted 15 times to a final DNA concentration of 10 µg/ml with either 

HBG, HBS (20 mM Hepes, 0.9 % w/v NaCl, pH 7.4) or HBS to which 0.5 mg/ml HA was 

added. 

 

Characterization of the polyplexes 

The average hydrodynamic diameter and the zeta potential of the polyplexes were 

determined using dynamic light scattering (ALV CGS-3 system, Malvern Instruments, UK) 

and electrophoretic mobility measurements (Zetasizer Nano-Z, Malvern instruments, UK),  

1 hr after dilution of the polyplex dispersions in the different buffers (final DNA 

concentration 10 µg/ml). The instruments were calibrated using polystyrene latex beads of 

defined size and zeta potential. 

Binding of the different polymers to DNA was studied using an ethidium bromide (EtBr) 

fluorescence quenching assay [15]. Polyplexes were prepared in HBG, as described above 

with EtBr added to the DNA solution 10 min prior to the addition of the different polymers 

(molar ratio EtBr to DNA phosphates of 1:8). After incubation of the polyplex dispersions 

for 1 hr and after dilution in the different buffers (HBS, HBS+HA), the fluorescence was 

quantified using a Fluostar Optima plate-reader (BMG Lab Tech, Germany). Fluorescence 

values were measured at an excitation/emission wavelength of 500 and 600 nm, 

respectively, and converted into relative, residual fluorescence (Fr) using the following 

equation: 

 

Fr = (Fobs – Fe)/(F100 – Fe),  

 

where Fobs is the observed fluorescence of the polyplex samples (DNA + polymer), Fe is the 

fluorescence of EtBr in the absence of DNA and polymer, and F100 is the fluorescence of 

EtBr in the presence of DNA and in the absence of polymer. 
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In vitro transfection 

NIH:OVCAR-3 cells (human ovarian adenocarcinoma, ATCC HTB-161) were cultured in 

DMEM, 4.5 g/l glucose completed with bovine calf serum (10 %), 100 U/ml penicillin,   

100 µg/ml streptomycin, and 0.25 µg/ml amphotericin B at 37 oC and a 5 % CO2 humidified 

atmosphere. 

Transfection and cytotoxicity studies were carried out as described earlier [16]. In brief, 

cells were seeded in a 96-well plate at a density of 1x104 cells/well. After 24 hrs, the cells 

were overlaid with fresh medium (100 µl) and subsequently with a diluted polyplex 

dispersion (100 µl, 10 µg/ml DNA, HBS or HBS/HA). After incubation of the cells with the 

polyplexes for 1 hr, the medium was refreshed and the cells were cultured for another 24 or 

72 hrs. Cells were tested for reporter gene expression (transfection activity) and cell 

viability (cytotoxicity). 

Transfection activity of the polyplexes was determined by measuring the luciferase 

expression by the transfected cells as follows. Cells were washed with phosphate buffered 

saline (PBS) and subsequently lysed by the addition of 100 µl reporter gene lysis buffer, 

followed by a single freeze/thaw cycle. Relative light units (RLU) of the samples were 

measured for 10 s at room temperature using a Berthold 9507 Luminometer (EG&G 

Benelux BV, The Netherlands) after mixing of 20 µl of the cell lysate with 100 µl of the 

luciferase assay reagent. Twenty µl of the remaining lysates was used for the determination 

of the protein concentration, using a Micro BCA Protein Assay kit (Pierce, The 

Netherlands). Gene expression was calculated as pg luciferase per mg of protein, using the 

recombinant luciferase standard. 

Cytotoxicity of the polyplexes was determined using an XTT colorimetric assay, based on 

the metabolic, cellular reduction of a tetrazolium reagent [17]. Cell viability was expressed 

as percentage of viable cells 24 or 72 hrs after transfection, normalized against buffer-

treated cells. 

 

In vivo gene expression studies 

The animal experiments were performed in line with national regulations and approved by 

the local animal experiments ethical committee. The NIH:OVCAR-3 cell line was 

propagated intraperitoneally in six to nine week old Balb/c athymic mice (Harlan, The 
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Netherlands). After peritoneal inoculation, a mouse model for ovarian cancer develops, 

which is characterized by the formation of ascites and clusters of fast proliferating tumor 

cells which are confined to the peritoneal cavity [7, 18]. At 3 to 4 week intervals, tumor 

cells were recovered from the donor animals by rinsing the peritoneal cavity twice with 5 ml 

of cold PBS [8]. For transfection studies, mice were inoculated by i.p. injection of        

1x107 OVCAR-3 cells in PBS, obtained from the peritoneal lavage of the donor mice. Five 

days after inoculation, the mice were injected i.p. with the different polyplex dispersions 

(0.2 ml, 150 µg/ml DNA). At different time-points after administration, the mice were 

sacrificed by CO2 asphyxiation. Tumor cells were recovered by rinsing the peritoneal cavity 

twice with 5 ml PBS. The total number of tumor cells was determined by counting the cell 

nuclei density of a fraction of the peritoneal lavage. In short, cells were lysed by osmotic 

shock (Zap-OGLOBIN II, BeckmanCoulter) and counted using a cell counting chamber. In 

the general experimental set-up (peritoneal lavage at 24 hrs after transfection), 6-10x107 

cells were recovered per mouse. In vivo transfection activity of the polyplexes was 

determined by measuring luciferase expression of the recovered tumor cells and the major 

organs. The peritoneal lavage was centrifuged and the tumor cell pellets and organs were 

homogenized in 0.5 to 1 ml of reporter gene lysis buffer, using a tissue homogenizer. The 

tissue homogenates were incubated on ice for 30 min, vortexed, and subsequently 

centrifuged at 12,000 g for 10 min. Relative light units (RLU) of the samples were measured 

for 10 s at room temperature using a Berthold 9507 Luminometer after mixing of 20 µl of 

the supernatant with 100 µl of the luciferase assay reagent. The transfection activity of the 

polyplexes was expressed as RLU per organ or RLU per 1x108 tumor cells. 
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RESULTS AND DISCUSSION 

 

Methacrylamide-based polyplexes: in vivo transfection activity 

Polyplexes based on the different cationic methacrylamide polymers (Figure 1) were tested 

for their tumor transfection efficiency in the OVCAR-3 ovarian cancer mouse model.  
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Figure 1. Chemical structures of the cationic methacrylamide polymers and linear PEI22. 

 

Polyplexes were prepared at an N/P ratio of 50 and administered intraperitoneally (i.p.),      

5 days after inoculation of Balb/c athymic mice with 1x107 OVCAR-3 cells. A preparation 

consisting of naked DNA and a preparation consisting of polyplexes based on PEI22      

(N/P 6) were used as reference formulations. The mean particle size of the different 

polyplexes, dispersed in 20 mM Hepes, 5 % w/v glucose, pH 7.1 (HBG), varied from 120 to 
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170 nm as measured by dynamic light scattering. The different formulations did not affect 

the amount of recovered tumor cells nor did they provoke any apparent, acute toxicity. 

Tumor cell luciferase expression was 10 to 500 fold higher for the groups that received 

polyplexes based on the different methacrylamide polymers, as compared to the group that 

received the naked DNA formulation (Figure 2). Polyplexes based on pHPMA-DMAE 

yielded the highest tumor cell gene expression. The amount of luciferase protein, recovered 

per peritoneal lavage was comparable to the amount obtained using PEI22-based polyplexes 

(2.7-3.8 ng and 0.8-1.9 ng for pHPMA-DMAE and PEI22, respectively). In vivo gene 

expression was relatively selective to the ascitic tumor cells, compared to the major organs, 

in good agreement with other publications [5, 19]. Moderate gene expression was observed 

in the organs lined by the mesothelial layer (spleen, and to a lesser extent liver and kidney). 

The expression associated with these organs could very well be due to transfection of the 

mesothelial layer lining the peritoneal cavity and covering these tissues [6]. Low or 

undetectable gene expression was observed in the heart and the lungs of the mouse.  

The observed in vivo tumor cell transfection activity of the different methacrylamide-based 

polyplexes did not correlate with the activities found in an earlier in vitro study [12]. In the 

in vitro study, using COS-7 cells (African monkey kidney fibroblast-like), pHPMA-DMAE-

based polyplexes did not show any transfection activity, whereas pHPMA-DEAE and 

pHPMA-MPPM-based polyplexes were most active. Poor in vitro-in vivo correlations have 

been reported earlier in systemic and intratumoral gene delivery and are likely a 

consequence of the polymer or polyplex interaction with non-target agents in vivo [20]. 

Because of their encouraging in vivo transfection activity, polyplexes based on the polymer 

pHPMA-DMAE were selected for a more in-depth investigation of their transfection 

properties.  
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Figure 2. Tumor and organ luciferase expression, 24 hrs after i.p. injection of the different 

methacrylamide-based polyplexes (N/P 50), uncomplexed naked DNA, or PEI22-based polyplexes 

(N/P 6). L: liver, S: spleen, K: kidney, T: tumor/1x108 tumor cells. Thirty microgram of DNA was 

injected in all cases (mean + deviation of the mean, n = 2). *: below detection limit. 

 

pHPMA-DMAE-based polyplexes: degradation and cytotoxicity 

Earlier, it was shown that as a result of the biodegradable character of the different pHPMA-

derivatives, polyplexes based on these polymers destabilized at physiological conditions 

(pH 7.4, 37º C), enabling the controlled release of the DNA [12, 21]. Side chain hydrolysis 

reduces the polymer charge density and thereby impairs the DNA condensing and binding 

capacity, ultimately leading to polyplex destabilization and dissociation. Similar to the 

destabilization rate found for preparations at a low DNA concentration (10 µg/ ml DNA) 

[12, 21], pHPMA-DMAE polyplexes prepared for in vivo use (150 µg/ml DNA) destabilized 

within 1 day after incubation at physiological conditions. In contrast, polyplexes based on 

PEI22 remained stable for at least seven days of incubation (data not shown).  

In previous studies, the different methacrylamide-based polyplexes showed very moderate 

cytotoxicity towards COS-7 cells [12, 21]. Figure 3 highlights the difference in cytotoxicity 

of pHPMA-DMAE and PEI22 polyplexes towards OVCAR-3 cells. Twenty four hrs after 

incubation with the PEI22 polyplexes prepared at an N/P ratio of 25 (corresponding to a 

polymer concentration of 32 µg/ml), the relative cell viability was reduced to 50 %     
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(Figure 3B). Seventy two hrs after incubation, cell viability had further dropped to 14 %. 

Incubation of the cells in the absence of serum reduced cell viability with an additional 10-

15 % under the conditions evaluated. The presence of negatively charged serum proteins 

can partially mask the cytotoxic effects of PEI22 by binding to free polymer or by 

preventing of salt-induced aggregate formation [22]. Interestingly, cells incubated with 

pHPMA-DMAE polyplexes prepared at N/P ratios up to 100 (corresponding with a polymer 

concentration of 800 µg/ml) did not show any reduction in cell viability under the conditions 

evaluated (24 or 72 hrs after transfection, in the presence or in the absence of serum). 

Cytotoxicity of cationic polymers has been attributed to damaging effects on membrane 

integrity, as a result of the multiple attachment of these polymers to the negatively charged 

outer and inner cell membranes [23]. The observed lack of cytotoxicity of the pHPMA-

DMAE-based polyplexes might be partly attributed to the biodegradable character of the 

polymer as this leads to the removal of the polymeric cationic charge, and thereby prevents 

interaction of pHPMA-DMAE with cellular membranes. 
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Figure 3. Relative cell viability of OVCAR-3 cells, 24 (■) and 72 hrs (▲) after incubation with 

pHPMA-DMAE (A) and PEI22-based polyplexes (B). Values are normalized to HBS treated 

OVCAR-3 cells (mean + SD, n = 3). 
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pHPMA-DMAE-based polyplexes: in vivo transfection activity  

The polymer-to-DNA dependency of the tumor cell gene expression by pHPMA-DMAE 

and PEI22 polyplexes was investigated. Figure 4A shows that the tumor cell transfection 

activity of pHPMA-DMAE-based polyplexes increased with the N/P ratio investigated   

(e.g. transfection activity at N/P 50 was 500-fold higher than that observed at N/P 6). 

Similar to an earlier study with low molecular weight PEI, the transfection activity of the 

polyplexes was enhanced by the presence of additional free polymer, without having any 

effect on the cell viability [24]. Luciferase expression in the main organs lined by the 

peritoneal mesothelial layer concomitantly increased by two orders of magnitude. For the 

PEI22 polyplexes, tumor gene expression was not affected when the polymer-to-DNA ratio 

increased from 6 to 25 (Figure 4B). Presumably, PEI22 polyplexes mediate efficient 

transfection activity which is less dependent on additional free polymer. Administration of 

PEI22 polyplexes at the highest N/P ratio investigated (N/P 50) enhanced tumor gene 

expression 10-fold compared to the lower N/P ratios. However, mice receiving the latter 

formulation experienced apparent side-effects within the first hours after administration 

(increased spinal curvature and isolation behavior). No toxicity was observed in any of the 

other groups. The different formulations did not affect the number of recovered tumor cells 

in any of the experimental groups. 
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Figure 4. Tumor and organ luciferase expression, 24 hrs after i.p. injection of pHPMA-DMAE (A) 

and PEI22-based polyplexes (B), prepared at different N/P ratios. L: liver, S: spleen, K: kidney,     

T: tumor/1x108 tumor cells. Thirty micrograms of DNA was injected in all cases (mean + SD, n = 3, 

*: n= 2). 

 

The kinetics of transgene expression were studied, after a single i.p. administration of 

pHPMA-DMAE or PEI22 polyplexes (Figure 5). To study the transgene expression kinetics, 

the enzyme firefly luciferase is a suitable protein as it has a short half-life of 4 hrs, enabling 

the determination of ‘freshly produced’ luciferase levels [25]. Tumor gene expression levels 

decreased rapidly over time, irrespective of the type of carrier used. Four days post-
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injection, tumor gene expression had dropped to 8 and 5 % of the levels at day 1, for 

pHPMA-DMAE and PEI22 polyplexes, respectively. Luciferase expression in the major 

organs was detectable only at day 1 and 2 (data not shown). The number of recovered tumor 

cells steadily increased from 6 to 19x107 cells during the experiment, as a result of tumor 

cell proliferation and was not affected by the different formulations. Previously, Louis et al. 

also found a short-lived gene expression of tumor cells after administration of PEI22 

polyplexes [5]. The transient expression observed for PEI-based polyplexes has been 

ascribed to their inherent toxicity towards transfected cells [23, 24, 26]. It was hypothesized 

that the lack of cytotoxicity of pHPMA-DMAE-based polyplexes might prolong the tumor 

transgene expression as a higher number of surviving transfected cells is likely to prolong 

the production of the desired protein. However, the data from this study do not confirm this, 

which indicates that the contribution of polyplex induced cytotoxicity in determining the 

apparent gene product elimination is overruled by other cellular events, like the loss of the 

episomal DNA upon cell division, DNA degradation or impairment of DNA transcription 

[27, 28]. 
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Figure 5. Tumor luciferase expression, one to seven days after a single i.p. injection of pHPMA-

DMAE (■) and PEI22- (▲)-based polyplexes. Thirty micrograms of DNA was injected (N/P 50 and 

6, respectively). Gene expression values are normalized to the gene expression levels obtained 1 day 

after transfection (mean + SD, n = 4). 
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pHPMA-DMAE-based polyplexes are considered to have limited endosomal escape 

properties [12, 14]. It was shown that the in vitro transfection activity of pHPMA-DMAE-

based polyplexes was strongly improved by the covalent attachment of the membrane 

destabilizing peptide INF-7 to the polymer [14]. Therefore, the tumor transfection activity 

of polyplexes based on an INF-conjugated pHPMA-DMAE copolymer was also studied     

in vivo. The transfection activity of polyplexes based on the unconjugated polymer     

(Figure 6, hatched bars) was similar as observed for polyplexes based on the homopolymer 

(Figure 2). In contrast, INF-conjugation of the copolymer strongly impaired gene expression 

by approximately 500 fold, in the tumor cells as well as in the major organs. The particle 

characteristics of the polyplexes based on the INF-conjugated copolymer were similar to 

polyplexes based on the homopolymer (mean size 150 nm, mean zeta potential +35 to     

+38 mV at N/P 50). The discrepancy between the in vitro and in vivo results might be a 

result of the interaction of the polyplexes with non-target compounds, present in the 

peritoneal cavity of ovarian cancer bearing mice but absent in the in vitro experimental 

settings (see following section). 
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Figure 6. Tumor and organ luciferase expression, 24 hrs after i.p. injection of polyplexes based on 

INF conjugated pHPMA-DMAE copolymer (white bars) and unconjugated pHPMA-DMAE 

copolymer (hatched bars). L: liver, S: spleen, K: kidney, T: tumor/108 tumor cells. Thirty 

micrograms of DNA was injected (N/P 50, mean + SD, n = 3). 
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pHPMA-DMAE-based polyplexes: interaction with hyaluronic acid 

The development of ascites in ovarian cancer is characterized by the peritoneal 

accumulation of polyanions such as hyaluronic acid (HA), either in dissolved form or 

associated to tumor and mesothelial cells [9, 10]. Whereas serum proteins -which also 

accumulate in the ascitic fluid- have a limited effect on the in vitro transfection activity of 

PEI22 [29, 30] and pHPMA-DMAE-based polyplexes (data not shown), these polyanions 

are known for their strong interference with positively charged gene delivery systems        

[8, 31, 32]. Therefore, the effect of HA on the biophysical properties and transfection 

activity of pHPMA-DMAE and PEI22 polyplexes was studied.  

Mean size, zeta potential and DNA binding strength of the polyplexes was studied, 1 hr after 

incubation in HBG, HBS, or HBS containing 0.5 mg/ml HA, a concentration relevant to 

ascitic fluid [9, 33]. In contrast to polyplexes incubated in HBG, which were characterized 

by a small size and a highly positive zeta potential (120 to 170 nm, +30 to +37 mV,      

Table 1), the incubation of the polyplexes in HBS or HBS containing HA led to the 

formation of aggregates (size 500 to > 1000 nm) and a reduction in zeta potential. The 

observed reversal of the zeta potential of the polyplexes, upon incubation with HA, points to 

binding of HA to the surface of the particles. HA also caused a reduction of the DNA 

binding strength of both pHPMA-DMAE and PEI22, as was reflected by the recovery of the 

EtBr fluorescence signal (38 and 20 % in the absence of HA, to 55 and 41 % in the presence 

of HA, for pHPMA-DMAE and PEI22-based polyplexes, respectively at N/P 6). Incubation 

of the polyplexes with HA did not lead to polyplex dissociation -and subsequent DNA 

release (residual fluorescence 100 %). 
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Table 1. Mean size (nm), zeta potential (mV) and DNA-binding (% residual DNA-EtBr fluorescence, 

Res. fluor.) of pHPMA-DMAE and PEI22 polyplexes after 1 hr of incubation in HBG, HBS or HBS 

containing hyaluronic acid (HA)(mean ± SD, n = 3). 

pHPMA-DMAE PEI22  

N/P 6 N/P 50 N/P 6 N/P 50 

 
HBG  

  

 
Size  

Zeta-pot. 

 
170 ± 10 

+30 ± 5 

 
130 ± 10 

+35 ± 6 

 
150 ± 20 

+30 ± 7 

 
120 ± 5 

+37 ± 6 

 
HBS 

 
Size  

Zeta-pot.  

Res. fluor. 

 
700 ± 160 

± 

38 ± 2 

 
> 1000 

+ 

36 ± 3 

 
> 1000 

± 

20 ± 2 

 
880 ± 40 

+ 

29 ± 2 

 
HBS+ HA  

 
Size  

Zeta-pot.  

Res. fluor. 

 
900 ± 170 

- 

55 ± 2 

 
960 ± 40 

- 

56 ± 2 

 
490 ± 20 

- 

41 ± 2 

 
570 ± 20 

- 

43 ± 2 

 

Figure 7 shows the effect of HA on the in vitro transfection activity of pHPMA-DMAE and 

PEI22-based polyplexes in OVCAR-3 cells. The inserts represent the cell viability data after 

incubation with the different formulations. In the absence of HA, incubation with pHPMA-

DMAE-based polyplexes gave low luciferase expression levels without a distinct optimal 

N/P ratio (Figure 7A). The lack of cytotoxicity of the pHPMA-DMAE polyplexes enabled 

gene expression even at high N/P ratios when excess of free polymer was present. The 

presence of HA did not affect gene expression mediated by pHPMA-DMAE polyplexes. 

Transfection with PEI22 polyplexes in the absence of HA resulted in a highly efficient gene 

transfer (Figure 7B), in line with earlier findings on ovarian cancer cells [4]. Highest 

luciferase levels (31 to 35 ng luciferase per mg protein) were observed at N/P ratios of 12  

to 25. The presence of HA reduced the transfection activities of PEI22 polyplexes by 2 to 3 

gorders of magnitude. PEI22 polyplexes prepared at the highest N/P ratio (N/P 50) were 

resistant to HA. Likely, the excess of free cationic polymer at this N/P ratio allows the 

PEI22 polyplexes to overcome the inhibitory effects of the polyanion. Alternatively, the 

observed increase in gene expression at this N/P ratio might be partly the result of the 

slightly restored cell viability, observed in the presence of HA. 
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Figure 7. In vitro luciferase expression and relative cell viability (insert) of OVCAR-3 cells, 24 hrs 

after transfection with pHPMA-DMAE polyplexes (A) or PEI22-based polyplexes (B). Polyplexes 

were diluted in HBS (■) and HBS containing hyaluronic acid (0.5 mg/ml) (▲) before addition to the 

cells. Cell viability values are normalized against HBS or HBS + HA treated OVCAR-3 cells    

(mean + SD, n = 3). 
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Although the in vitro transfection activities of PEI22-based polyplexes were 3 to 4 orders of 

magnitude higher than those observed for the pHPMA-DMAE polyplexes, the in vivo 

transfection activities of both polyplex systems were similar. The presence of HA in the 

ascitic fluid of the OVCAR-bearing mice likely contributed to this remarkable finding. We 

demonstrated that HA strongly impaired PEI22–mediated transfection activity, whereas the 

transfection activity of pHPMA-DMAE-based polyplexes was resistant to HA. Earlier, the 

interaction of polyanions with the polyplexes has demonstrated to affect the transfection 

activity of different polyplex systems to a different extent. Polyplexes based on polymers 

with a significant endosomal escape capacity, like PEI, have been shown to be much more 

sensitive to the effects of HA than polyplexes based on polymers without endosomal 

buffering capacity (e.g. poly-L-lysine-based polyplexes) [31, 34]. The data presented in this 

study are in good agreement with these previous observations. Polyplexes based on PEI22 

were found to be highly sensitive to HA, whereas polyplexes based on pHPMA-DMAE       

-a system which is regarded to have very limited endosomal escape properties- were found 

to be resistant to interaction with HA. We speculate that the disappointing in vivo 

transfection activity of the INF-conjugated pHPMA-DMAE polyplexes might also be the 

consequence of the interaction with polyanions.  

The exact mechanism by which HA affects the gene transfer process is still unknown. 

Interaction of HA with both polyplexes led to the formation of aggregates with a negative 

zeta potential. As the nature of the binding of non-targeted polyplexes with cells is mainly 

electrostatic, the reduced polyplex surface charge is likely to have limited the extent of the 

cellular uptake of both polyplex systems. Several studies indicate that the HA-induced 

changes in polyplex surface properties also affect the pathway involved in the uptake of the 

polyplexes by changing the interaction of the polyplexes with the different non-specific 

internalizing cell-surface proteoglycans, or by directing the uptake of the polyplexes to the 

specific internalizing HA-cell surface receptor (CD44) [32, 34-36]. The exact pathways 

responsible for the uptake and intracellular routing of HA-associated polyplexes have not 

been solved to date but it is highly likely that the subsequent intracellular rerouting of the 

polyplexes affects their transfection activity [35-37]. Another mechanism by which HA has 

been suggested to mediate changes in the overall gene transfer of polyplexes is by 

interfering with the process of endosomal destabilization [31]. 
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CONCLUSION 

In this study, we evaluated polyplexes based on different biodegradable, methacrylamide 

polymers in the OVCAR-3 ovarian cancer mouse model. Polyplexes based on pHPMA-

DMAE showed in vivo transfection activity which was similar to polyplexes based on the 

linear polymer PEI22. Remarkably, pHPMA-DMAE and PEI22-based polyplexes showed 

similar in vivo transfection activities, considering that their respective in vitro transfection 

activities differed 3 to 4 orders of magnitude, in favor of PEI22 polyplexes. The interaction 

of the polyplexes with hyaluronic acid, a polyanion present in the peritoneal fluid of ovarian 

cancer bearing mice, affected the polyplex properties of both carrier systems and impaired 

the transfection activity of PEI22 polyplexes but not of pHPMA-DMAE polyplexes. 

Therefore, differences of the polyplexes in HA resistance may have contributed to the 

observed in vitro/ in vivo discrepancy. 

Polyplexes based on pHPMA-DMAE are biodegradable, HA resistant and do not show any 

cytotoxicity. These properties make pHPMA-DMAE-based polyplexes promising systems 

for use in ovarian cancer.  
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ABSTRACT 

Tumor gene expression after intravenous (i.v.) administration of current polymer-based 

gene delivery systems is generally low and short-lived. Immune stimulatory CpG 

dinucleotides, present within plasmid DNA of the polyplexes are likely to contribute to the 

poor gene expression profile mediated by these complexes. The effect of CpG replacement 

on the levels of transgene expression was studied, after i.v. administration of 

polyethylenimine (PEI) polyplexes. PEI polyplexes containing a plasmid encoding 

luciferase and rich in CpG motifs were prepared and compared to polyplexes containing a 

plasmid vector encoding the same gene and bearing the same promoter/enhancer/‘5-UTR 

region, but devoid of CpG motifs. Complexes were investigated for tumor transfection and 

immune stimulatory effects after i.v. administration. DNA complexes based on 

DOTAP/DOPE liposomes were included as a control formulation. Replacement of CpG-rich 

DNA by CpG-free DNA did not affect the physical properties of the different DNA 

complexes, nor did it affect the in vitro cytotoxicity or the in vitro transfection activity of 

the DNA complexes. Immune stimulation (IL-12) after i.v. administration of the different 

complexes, was strongest for the DOTAP/DNA complexes and could be suppressed by 

using CpG-free DNA. The depletion of CpG dinucleotides within the plasmid DNA of 

polyplexes reduces the immunostimulatory properties of polyplexes and enhances the 

degree and duration of tumor transgene expression. 
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INTRODUCTION 

The emerging field of gene therapy offers a number of exciting potential strategies for 

treating cancer [1]. Cancer gene therapy aims to achieve sustained expression of a variety of 

anti-tumor proteins (like tumor-suppressor proteins, antigens, cytokines and suicide 

proteins) [2, 3]. Systemic application is often to be preferred as it enables to reach tumor 

sites which cannot be reached by local injection [3]. The tumor transfection activity of 

systemically administered plasmid DNA can be greatly increased upon complexation with 

non-viral carrier systems. Complexation of plasmid DNA with cationic polymers or cationic 

liposomes leads to the formation of positively charged nano-sized complexes (further 

referred to as polyplexes and lipoplexes, respectively) protecting the complexed DNA 

against nuclease activity. In addition, the positively charged complexes are readily taken up 

by target cells and have been demonstrated to enhance transfection activity compared to 

uncomplexed DNA [4]. Nevertheless, intravenous (i.v.) administration of non-viral gene 

delivery systems generally results in low and transient tumor transgene expression levels  

[5-7]. 

Bacterial CpG dinucleotides have been identified to be major contributors to the low and 

short-lived transgene expression in vertebrates after non-viral gene delivery [8]. CpG 

dinucleotides are immunostimulatory motifs which are present within bacterially produced 

plasmid DNA. Whereas CpG dinucleotides in bacterial DNA are unmethylated, in 

vertebrate DNA they are methylated and occur less frequently [9]. After i.v. administration 

of DNA complexes, they are captured and endocytosed by macrophages and other immune 

cells. CpG motifs within the plasmid DNA are recognized as a pathogen-associated 

molecular pattern upon acidification of the endosome, by the Toll-Like Receptor 9 (TLR9) 

which is present at the endosomal membrane [10]. TLR9-mediated intracellular signalling 

leads to a pleiotropic inflammatory response that includes the production of large amounts 

of pro-inflammatory cytokines, among which tumor necrosis factor-alpha, type I interferons, 

and interleukin 12, and the activation of a variety of immune cells of the innate and adaptive 

immune system (e.g. NK-cells, T-cells, macrophages) [9]. The increased production of pro-

inflammatory cytokines increases the risk for systemic toxicity. 

Bacterial CpG motifs impair transgene expression after non-viral gene delivery via different 

mechanisms. The induced pro-inflammatory cytokines exert a direct inhibitory effect on 
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transgene transcription by initiating plasmid promoter shutdown [11]. Moreover, high local 

levels of pro-inflammatory cytokines can initiate apoptosis of transfected cells. In addition, 

activation of immune cells has been reported to eliminate transfected cells and transgene 

products [12-14]. Finally, transgene expression of episomal plasmids can be shut down by 

de novo methylation of the unmethylated bacterial CpG motifs. Cytosine methylation is a 

naturally occurring DNA modification in vertebrates which interferes with transgene 

transcription, resulting in transcriptional silencing [15-17]. 

Though the immunostimulatory effect of DNA complexes containing unmethylated CpG 

motifs is being exploited in cancer immunotherapy [18-20], it should be minimized in gene 

therapy strategies where high and long-lasting transgene levels are desired [12, 21]. Several 

strategies have been studied to limit the immunostimulatory response to i.v. administrated 

DNA complexes [22]: 1) directing the DNA complexes to target cells [23] [24], 2) co-

administering macrophage depleting agents, immunosuppressive agents, or inhibitors of 

endosomal acidification [25-27], and 3) modifying the plasmid DNA by in vitro methylation 

of unmethylated CpG motifs, by the removal of these motifs, or by the addition of so-called 

neutralizing motifs [25, 26, 28-30]. Whereas all three strategies have been shown to result in 

a reduced inflammatory toxicity of cationic lipoplexes, CpG removal appears to outweigh 

all other strategies when the effects on transgene expression are considered. Yew et al. 

showed that a reduction of the number of unmethylated CpG motifs within i.v. administered 

lipoplexes not only improved the degree but also the duration of transgene expression in 

liver and lung up to 49 days post-injection [26, 29]. To the best of our knowledge, no study 

has been published so far on the potential benefits of CpG motif depletion in polymer-

mediated gene delivery. 

The aim of the present study was to evaluate the effect of CpG depletion on the levels of 

transgene expression, after i.v. administration of PEI22 polyplexes. PEI22 

(polyethylenimine, Mw 22 kDa) is a linear cationic polymer and is considered the golden 

standard within the field of non-viral i.v. gene delivery [31]. As a control, we included 

lipoplexes based on cationic liposomes composed of DOTAP/DOPE, a lipoplex formulation 

which is frequently used in i.v. gene delivery [32, 33]. 
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MATERIALS AND METHODS 

 

Materials 

The plasmid pCpGvitro neo-luc, further referred to as pCpGfree, is a 7114-bp plasmid 

devoid of CpG dinucleotides, and was purchased from Cayla SAS (Toulouse, France). The 

plasmid contains the coding sequence for firefly luciferase and is under transcriptional 

control of a composite promoter consisting of a mouse cytomegalovirus (mCMV) enhancer 

and the eukaryotic elongation factor-1 alpha (EF-1α) core promoter. EF-1α is an enzyme 

catalyzing the GTP-dependent binding of tRNA to ribosomes and is abundantly expressed 

in almost all kinds of mammalian cells [6]. The plasmid has been synthesized by replacing 

all CpG dinucleotide containing codons for CpG devoid codons, corresponding to the same 

amino acid. By these means, a new codon-optimized gene was created encoding proteins 

whose amino acid sequence remains identical to the wild-type counterparts. pCMVLuc, a 

plasmid containing the coding sequence for firefly luciferase, was purchased from Elim 

Biopharmaceuticals (St. Hayward, US). The 6201-bp plasmid is under transcriptional 

control of the cytomegalovirus (CMV) immediate promoter and contains 638 CpG motifs. 

QuickChange Site-Directed Mutagenesis kit and pfu polymerase were purchased from 

Stratagene (La Jolla, US), primers for the site-directed mutagenesis were ordered at 

Eurogentec (Seraing, Belgium). Restriction enzymes PstI, SacI, NcoI, and T4 DNA ligase 

were purchased from Fermentas (St. leon-Rot, Germany). PacI was ordered at Westburg 

B.V. (Leusden, The Netherlands). Nucleobond PC 10,000 EF DNA purification (Macherey-

Nagel) was purchased from Bioke (Leiden, The Netherlands). The lipids 1,2- dioleyl-3-

trimethylammonium-propane (DOTAP) and dioleoylphosphatidylethanolamine (DOPE) 

were ordered at Avanti Polar lipids (Alabaster, USA) and Lipoid (Ludwigshafen, Germany), 

respectively. Linear polyethylenimine (PEI22, Mw 22 kDa) was a generous gift from prof. 

dr. E. Wagner (Ludwig-Maximilians-Universität, München, Germany). Luciferase assay 

reagent, reporter gene lysis buffer, and Quantilum recombinant luciferase were obtained 

from Promega (Leiden, The Netherlands). The Quantikine mouse IL-12 p70 immunoassay 

was purchased from R&D systems (Abingdon Park, UK). 
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Methods 

Plasmid construction and purification 

A CpG-rich control plasmid, bearing 542 CpG dinucleotides (further referred to as 

pCpGrich) was constructed by replacing the promoter/5’-UTR region of the purchased 

vector pCMVLuc with the composite enhancer/core-promoter and 5’UTR region of 

pCpGfree. To enable excision of the original promoter/5’-UTR region, a PstI restriction site 

was introduced into pCMVLuc, by replacing the TT dinucleotide to CA, at position -8 

relative to the transcription start. A site-directed mutagenesis was performed using the 

QuickChange Site-Directed Mutagenesis Kit and two 40 bp primers  

(5’-CATTAGCATTCCGGTACTGCAGGTAAAATGGAAGACGCCA-3’ and  

5’-TGGCGTCTTCCATTTTACCTGCAGTACCGGAATGCTAATG-3’, bold letters refer 

to added PstI site). The original promoter/5’-UTR region of the modified pCMVLuc was 

excised by digestion with SacI and PstI (-750 to -6 relative to the transcription start). The 

linearized vector, devoid of promoter, was isolated by preparative gel electrophoresis, then 

blunted and dephosphorylated to prevent self-ligation. The insert, consisting of the 

enhancer/promoter/5’-UTR region of pCpGfree (position -1258 to -1, relative to the 

transcription start) was excised by digestion of pCpGfree with PacI and NcoI. The insert 

was isolated by preparative gel electrophoresis, blunted with pfu polymerase and a dNTP 

mix, and ligated into the blunted vector, resulting from the excised pCMVLuc to create 

pCpGrich, at a 1:3 vector to insert ratio, using T4 DNA ligase. E.coli XL-1 Blue 

supercompetent cells (Stratagene) were transformed with the resulting plasmid and screened 

for the proper insert direction by restriction enzyme digestion.  

pCpGfree and pCpGrich were grown in E.coli and purified to an endotoxin free grade        

(< 0.1 EU/µg DNA), using a Nucleobond PC 10,000 EF kit. 

 

Preparation of the DNA complexes    

DOTAP/DOPE liposomes were prepared by dissolving an equimolar amount of DOTAP 

and DOPE in chloroform and methanol. The solution was evaporated under reduced 

pressure and the lipid film was subsequently hydrated in Hepes 10 mM, pH 7.4 (total lipid 

concentration 20 mM). The resulting liposome dispersion was extruded several times 

through two stacked polycarbonate filters (Poretics, Livermore, USA, 200 and 100 nm pore 
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size) with a high-pressure extrusion device until the desired diameter was obtained         

(100-120 nm). 

DNA complexes were made at different molar ratios of cationic and anionic charge (N/P 

ratio), corresponding to the ratios of nitrogen of the polymer or lipid and the anionic DNA 

phosphates. A mass per charge of 43, 698 and 330 Da was used for PEI22, DOTAP and 

DNA, respectively. DNA complexes for in vitro use were prepared at a final DNA 

concentration of 10 µg/ml in Hepes (20 mM Hepes, pH 7.4) or in HBS (20 mM Hepes,     

0.9 % w/v NaCl, pH 7.4). Lipoplexes were prepared by adding 1 volume of a DNA solution 

to 1 volume of a liposome dispersion, followed by mixing. Polyplexes were prepared by 

adding 4 volumes of the polymer solution to 1 volume of DNA solution and subsequent 

mixing. DNA complexes for in vivo studies were prepared at a final DNA concentration of 

150 µg/ml in 20 mM Hepes, pH 7.1. Lipoplexes were prepared at an N/P ratio of 4, as 

aforementioned. Polyplexes were prepared at an N/P ratio of 6, by adding 1 volume of a 

polymer solution to 1 volume of a DNA solution and subsequent mixing. After preparation, 

one tenth a volume of a 50 % w/v D-glucose in 20 mM Hepes, pH 7.1 stock was added to 

obtain an isotonic dispersion [34]. All complexes were incubated for 30 min at room 

temperature, prior to use. 

 

Complex characterization 

The average hydrodynamic diameter and the zeta potential of the DNA complexes were 

determined using dynamic light scattering (ALV CGS-3 system, Malvern Instruments, UK) 

and electrophoretic mobility (Zetasizer Nano-Z, Malvern instruments) measurements, in    

20 mM Hepes pH 7.4, at a DNA concentration of 10 µg/ml. Both instruments were 

calibrated using polystyrene latex beads of defined size and zeta potential.   

 

Complex cytotoxicity and in vitro transfection activity 

Neuro 2A cells (Murine Neuroblastoma, ATCC CCL-131) were cultured in RPMI 1640 

medium completed with bovine calf serum (10 %) and antibiotics/antimycotics (100 U/ml 

penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin B) at 37 0C at a 5 % CO2 

humidified atmosphere. 
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Transfection activity and cytotoxicity of the complexes was determined 24 and 72 hrs after 

incubation of the complexes with the cells (1 hr), in serum containing medium, as described 

earlier [35]. Experiments were carried out in duplicate in two separate 96-well plates. One 

series was tested for luciferase expression [35], the other series was tested for cell viability 

using an XTT based colorimetric assay [35, 36]. Luciferase activity of the cells was 

determined after cell lysis using a Fluostar Optima Fluorimeter equipped with a 

luminescence light guide (BMG LabTech, Germany). Transfection activity of the 

complexes was expressed as Relative Light Units (RLU), corrected per microgram total 

protein (Micro BCA Protein Assay, Pierce, The Netherlands). Cytotoxicity of the complexes 

was determined by assessing the percentage of viable cells after transfection, normalized to 

values obtained after incubation with buffer only [35].  

 

In vivo studies 

The animal experiments were performed according to national regulations and approved by 

the local animal experiments ethical committee. Six-week old male A/J mice (Harlan, The 

Netherlands) were inoculated with 1x106 Neuro 2A cells in the left flank. Seven to 12 days 

after inoculation, at an average tumor volume of 0.4-0.9 cm3, the different formulations 

were injected into the tail-vein of the mice (0.2 ml, corresponding to 30 µg DNA).  

At 3, 5 and 7 hrs post-injection, blood was collected by saphenous venepuncture. Blood 

samples were allowed to coagulate at 4 ºC for 4 hrs and then centrifuged at 4000 g for       

10 min. Serum was collected, diluted tenfold with PBS and kept at -80 ºC until analysis. IL-

12 serum levels were determined using a Quantikine mIL-12 immunoassay.  

One, five or eleven days post-injection, mice were sacrificed by cervical dislocation and 

luciferase levels of the tumor and the different organs were assessed as previously described 

[37]. Luciferase levels were expressed as Relative Light Units per organ (or per g tumor). In 

this setting, 6x103 RLU corresponds to 1 pg of recombinant luciferase. 
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RESULTS AND DISCUSSION 

 

Plasmid DNA characteristics 

pCpGvitro neo-luc (further referred to as pCpGfree) is a commercially available 7114-bp 

plasmid devoid of CpG dinucleotides. It contains the coding sequence for firefly luciferase 

and is under transcriptional control of a composite promoter consisting of a mouse 

cytomegalovirus (mCMV) enhancer and the eukaryotic elongation factor-1 alpha (EF-1α) 

core promoter (Figure 1). 

A control vector, a 6724 bp plasmid bearing 542 CpG motifs (further referred to as 

pCpGrich) was constructed by replacing the promoter/5’-UTR region of a purchased vector 

pCMVLuc with the composite core-promoter/enhancer and 5’UTR region of pCpGfree.  

 

 

 

 

 

 

 

Figure 1. Linearized diagram of pCpGfree and pCpGrich. CMV enh. EF1α prom.: composite 

promoter based on cytomegalovirus enhancer and mouse elongation factor-1 alpha core promoter. 

EF1α 5’-UTR: 5’ untranslated region of mouse elongation factor-1 alpha. LUC: exon encoding for 

firefly luciferase. ANTIBIOT./ORI: exon encoding for antibiotics resistance and origin of 

replication. One arrow represents approximately 20 unmethylated CpG dinucleotides. 

 

Characterization of the DNA complexes 

pCpGfree and pCpGrich were complexed with PEI22 (Mw 22 kDa) and the cationic 

liposome formulation DOTAP/DOPE. PEI22 has proven to be one of the most efficient 

cationic polymers for in vitro and in vivo gene transfer [38].  DOTAP is a cationic lipid, 

commonly used for liposome-mediated transfection [33]. Co-inclusion of the helper lipid 

DOPE improves the lipoplex transfection activity by facilitating endosomal destabilization 

[39]. 
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The physical characteristics of the PEI22- and DOTAP-complexes prepared with pCpGrich 

or pCpGfree were determined. Under the experimental conditions, plasmid replacement did 

hardly affect size and zeta potential of the complexes (Table 1 and 2). Positively charged 

polyplexes were formed after condensation with PEI22 at a DNA concentration of 10 µg/ml 

(zeta potential approximately +25 to +31 mV, Table 1). Polyplexes were smallest at an N/P 

ratio of 6 and 9. Complexation of DNA with DOTAP liposomes at an N/P ratio of 2 resulted 

in lipoplexes bearing a strong negative zeta potential. Likely, at this lipid to DNA ratio, the 

amount of cationic lipid is inefficient to complex all DNA present. Lipoplexes prepared at 

an N/P of 4 and 8 demonstrated a strongly positive zeta potential (+48 to +57 mV). The 

mean size of the lipoplexes was relatively large (320-610 nm) when compared to that of the 

polyplexes (120-170 nm). Complexes were stable over a period of several days at room 

temperature. 

 

Table 1. Mean particle size (nm) and zeta potential (mV) of CpG-rich and CpG-free complexes at a 

DNA concentration of 10 µg/ml (mean ± SD, n = 3). Polydispersity values of the complexes were 

within acceptable limits (< 0.30). 

 CpG-rich CpG-free 

Formulation N/P 
ratio 

Size  Zeta potential  Size Zeta potential  

 

3 

 

590 ± 210 

 

31 ± 7.4 

 

990 ± 1000 

 

25 ± 15 

6 170 ± 20 27 ± 0.4 170 ± 10 27 ± 0.5 

 

PEI22 

 

9 120 ± 0 25 ± 1.2 130 ± 10 25 ± 0.2 

2 320 ± 20 -58 ± 1.6 320 ± 10 -59 ± 0.9 

4 540 ± 20 51 ± 0.8 610 ± 90 48 ± 3.3 

DOTAP 

8 430 ± 10 55 ± 1.4 460 ± 20 57 ± 0.5 

 

DNA complexes for in vivo use were prepared at a high DNA concentration (150 µg/ml) 

and at a fixed N/P ratio (6 and 4, for PEI22 and DOTAP complexes, respectively). Mean 

size of the PEI22 polyplexes was around 160 nm, that of the DOTAP lipoplexes around   

300 nm, regardless of the plasmid used (Table 2). 
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Table 2. Mean particle size (nm) of CpG-rich and CpG-free complexes at a DNA concentration of 

150 µg/ml (mean ± SD, n = 3). Polydispersity values of the complexes were within acceptable limits 

(< 0.30). 

 

Formulation N/P ratio 

CpG-rich CpG-free 

 

PEI22 

 

6 

 

170 ± 40 

 

160 ± 60 

DOTAP 4 280 ± 20 310 ± 40 
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Complex cytotoxicity and in vitro transfection activity  

The effect of plasmid replacement (pCpGrich to pCpGfree) on the cytotoxicity (Figure 2) 

and in vitro transfection activity (Figure 3) of PEI22 and DOTAP complexes was studied, 

using Neuro 2A cells. Relative cell viability after incubation with the different DNA 

complexes was not affected by the type of plasmid used. PEI22 complexes showed 

significant cytotoxicity (Figure 2A). A 50 % reduction in cell viability was observed at an 

N/P ratio of 6, 24 hrs after transfection. At this time-point, incubation of the cells with the 

DOTAP complexes did not affect cell viability, at any of the N/P ratios investigated   

(Figure 2B). Similar results were observed at 72 hrs after incubation (data not shown). 
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Figure 2. Relative cell viability of Neuro 2A cells, 24 hrs after incubation with PEI22 (A) and 

DOTAP (B) based DNA complexes. DNA complexes contained CpG-rich (■) or CpG-free (▲) DNA. 

Values are normalized against buffer treated cells (mean + SD, n = 3). 

 

Replacement of pCpGrich by pCpGfree within both DNA complexes did not influence their 

respective in vitro transfection activities (Figure 3). Highest levels of luciferase transgene 

expression were mediated by PEI22 polyplexes, prepared at an N/P ratio > 6. Transfection 

activity of DOTAP lipoplexes was highest at an N/P ratio of 2 - 4, being 10-fold lower than 

observed for the PEI22 polyplexes. The high ionic strength of the transfection medium 

favors the formation of aggregates at these specific N/P ratios (data not shown). Aggregate 

formation of the DNA complexes has likely contributed to the enhanced transfection 

activity as it promotes cellular contact and internalization [40]. The similarity of the short-
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term gene expression profiles observed for the two different plasmid types was expected as 

both plasmids bear the same transcription initiation sites. Apparently, the extensive 

sequence differences within the plasmid regions upstream of the EF1α 5’-UTR did not 

substantially affect the initial transcription rate of the plasmids. 
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Figure 3. In vitro gene expression in Neuro 2A cells, 24 hrs after transfection with PEI22 (A) and 

DOTAP (B) based DNA complexes. DNA complexes contained CpG-rich (■) or CpG-free (▲) DNA 

(mean + SD, n = 3). 

 

In vivo inflammatory response  

The immunostimulatory activity of the different CpG-free and CpG-rich formulations were 

tested by determining serum interleukin 12 (IL-12) levels after i.v. injection of the 

complexes (30 µg DNA). Injection of DNA complexes containing pCpGrich resulted in 

elevated serum IL-12 levels, as compared to the levels after application of pCpGfree 

complexes (Figure 4A and 4B). Highest IL-12 levels were observed at 3 and 5 hrs post-

injection (p.i.) of DOTAP lipoplexes containing pCpGrich. These findings are in good 

agreement with earlier reports on the immunostimulatory effects of CpG motifs within 

lipoplexes [8, 26, 29, 41].  

Complexation of pCpGrich with the cationic liposome formulation induced strikingly higher 

serum IL-12 levels than complexation with PEI22, in line with an earlier comparison on 

non-viral gene delivery systems [42]. After i.v. administration, lipoplexes and polyplexes 

accumulate to a high extent in the liver as a result of their efficient uptake by Kupffer cells 
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[43]. Previous reports suggest that the systemic cytokines produced after i.v. administered 

lipoplexes can be attributed to uptake and intracellular processing of the lipoplexes by 

Kupffer cells [44, 45]. It is unlikely that the observed differences in immune stimulation by 

PEI22 and DOTAP complexes originate from major differences in tissue accumulation, with 

PEI22 polyplexes showing less uptake by Kupffer cells [42]. We speculate that differences 

in the pathway of cellular uptake of the DNA complexes by the immune cells may have 

contributed to the observed differences in the induced inflammatory response. Whereas 

lipoplexes are endocytosed exclusively via clathrin-dependent pathways, polyplexes are 

taken up by clathrin- as well as caveloae-dependent pathways [46, 47]. It may be that the 

caveolae-dependent pathway does not result in TLR9 contact and subsequent CpG-mediated 

cellular activation. 
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Figure 4. Serum IL-12 levels after i.v. administration of PEI22 (A) and DOTAP (B) based DNA 

complexes in A/J mice (200 µl, containing 30 µg DNA) (mean + SD, n = 6). 
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In vivo gene expression  

The effect of plasmid replacement on tumor luciferase expression was determined, at 

different time-points after i.v. injection of PEI22 or DOTAP complexes in mice, bearing a 

s.c. Neuro 2A tumor (30 µg DNA, Figure 5). Significant gene expression was detected in 

the tumor, one day after administration of pCpGrich complexed with PEI22 (Figure 5A). 

The replacement of pCpGrich by pCpGfree enhanced the degree of gene expression 

approximately four-fold. Moreover, CpG depletion improved the duration of tumor 

transgene expression. Five days after administration, luciferase levels had dropped 50-fold 

in the case of pCpGrich-based transfection, whereas luciferase levels were similar to day 1 

p.i. in case of pCpGfree-based transfection. Eleven days after injection, luciferase levels of 

both plasmid types had decreased to background levels. Similar effects were observed in 

case of tumor luciferase expression mediated by DOTAP lipoplexes (Figure 5B). CpG 

depletion of DOTAP lipoplexes enhanced the degree of tumor luciferase expression 20-fold, 

at day 1 p.i. Again, transgene expression was considerably prolonged using CpG-free 

complexes. 
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Figure 5. Tumor gene expression after i.v. administration of PEI22 (A) and DOTAP (B) based DNA 

complexes in A/J mice bearing a s.c. Neuro 2A tumor (200 µl, containing 30 µg DNA) (mean + SD, 

n = 3). Average tumor weight at day 1, 5 and 11 was 0.6, 1.1 and 1.9 gram, respectively. 
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Organ distribution of luciferase expression was assessed, after i.v. administration of the 

different CpG-rich and CpG-free complexes. Highest transgene expression was observed in 

the lungs, the liver and the spleen.  

Injection of CpG-rich PEI22 complexes mediated highest transgene expression in the lungs 

(Figure 6A). CpG depletion strongly enhanced the degree of luciferase expression at day 1 

p.i. (20 fold), and to a lesser extent at the subsequent days (3 and 2-fold, at day 5 and day 11 

p.i., respectively). In the case of DOTAP-mediated transfection, lung expression was 

minimal, and limited to the use of CpG-free complexes (Figure 6B). Various factors may 

explain the observed difference in gene expression of polyplexes and lipoplexes. 

Aggregation has been reported to be a dominant factor in lung uptake [48-50]. Both systems 

may have differed in the degree of aggregation upon introduction into the bloodstream. A 

second explanation relates to earlier observations demonstrating that alveolar cells were 

reached after the intravenous administration of several DNA complexes, as a result of the 

transient opening of the endothelial cell lining [31, 51-53]. The DNA complexes 

investigated in this study might have differed in their ability to penetrate the endothelial cell 

lining. 

Liver (Figure 6C, 6D) and spleen (Figure 6E, 6F) gene expression were strongly enhanced 

at all time-points evaluated, upon replacement of pCpGrich by pCpGfree in the different 

DNA complexes. Interestingly, significant luciferase levels in the latter organs persisted 

over at least 11 days. The prolongation of transgene expression is in good agreement with 

data provided by Yew et al. They demonstrated transgene liver expression persisting over a 

period of 28 - 42 days, after i.v. transfection with lipoplexes with a reduced number of CpG 

motifs.  

The beneficial effects of CpG depletion on the duration of luciferase expression was more 

pronounced in the liver and in the spleen, when compared to the lung. Luciferase expression 

observed in these organs is probably originating from a small fraction of the accumulated 

dose being able to escape from uptake by the non-parenchymal macrophages and to 

transfect parenchymal cells (e.g. hepatocytes) [54]. We hypothesize that the non-

parenchymal macrophages have been responsible for extensive suppression of transgene 

expression in the transfected parenchymal cells, in the case of transfection with CpG-rich 

DNA complexes. Hepatosplenic macrophages have been found to be responsible for the 
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capture of a major part of the circulating DNA complexes [45]. The TLR9-mediated 

signalling of CpG motifs by macrophages has shown to result in immune activation and 

high local levels of pro-inflammatory cytokines [44]. The beneficial effect of CpG depletion 

is likely most obvious in those organs where immune cells are easily accessible (liver and 

spleen) and therefore are highly involved in the uptake and processing of the complexes, 

compared to e.g. the lung where immune cells are much less accessible for interaction with 

circulating DNA complexes. 
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Figure 6. Organ gene expression after i.v. administration of PEI22 (A, C, E) and DOTAP (B, D, F) 

based DNA complexes in A/J mice bearing a s.c. Neuro 2A tumor (200 µl, containing 30 µg DNA). 

Lung (A, B), liver (C, D), spleen (E, F) (mean + SD, n = 3).  
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CONCLUSION 

This study demonstrates that the replacement of CpG-rich DNA by CpG-free DNA 

improves the degree and duration of transgene expression after polymer mediated i.v. gene 

delivery. Moreover, it is the first to demonstrate that CpG replacement is not only applicable 

for improving tissue transgene expression, but also for improving tumor transgene 

expression.  

It is highly likely, that the effects observed after plasmid replacement are a consequence of 

the depletion of CpG dinucleotides. The exact mechanism by which CpG depletion 

improves transgene expression is still unclear. Firstly, the results from this study 

demonstrate that removal of CpG motifs limits the immunostimulatory effects of i.v. 

administered DNA complexes. The limited immune response may have contributed to the 

improved transgene expression by alleviating plasmid promoter repression as well as 

toxicity towards transfected cells and transgene products [26, 29, 30]. Secondly, transgene 

expression of CpG-free DNA complexes might have benefited from the lack of the de novo 

plasmid methylation [15]. Although the replacement of CpG-rich by CpG-free DNA did not 

affect the levels of gene expression in in vitro transfected Neuro 2A tumor cells, we cannot 

exclude that CpG depletion might have improved the in vivo transgene expression in 

different tissue cells via the latter mechanism [16, 17]. The extent to which both 

mechanisms contribute to the degree and duration of transgene expression is likely 

dependent on additional factors such as, amongst others, the acute toxicity of the gene 

delivery system, as well as the type of organ(s) and cell(s) being transfected.  

Previous studies have shown that CpG reduction strongly reduced the acute toxicity after 

i.v. administration of lipoplexes [8, 12]. Future studies therefore should determine whether 

CpG depletion improves the toxicity profile of i.v. administered polyplexes. In addition, 

therapeutic studies have to clarify whether CpG depletion will enable further progression in 

tumor gene therapy.  
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SUMMARY 

In the field of cancer gene therapy, the use of gene carrier systems is considered 

indispensable. Cationic polymers are able to effectively condense plasmid DNA to nano-

sized particles, further referred to as polyplexes. Compared to free DNA, polyplexes have 

shown improved nuclease-resistance, a more efficient uptake by the target cells, and 

enhanced transfection activity. However, clinical introduction of polyplex-systems is 

hampered by concerns regarding toxicity and the extent and duration of gene expression 

mediated by the systems. 

Biodegradable cationic polymers show promise in non-viral gene delivery as they are likely 

to limit the long-term toxicity of polyplexes. Additionally, biodegradable polymers might 

also positively affect the gene expression profile mediated by polyplexes. So far, polyplexes 

based on biodegradable polymers have demonstrated low cytotoxicity and considerable      

in vitro transfection activity. Few studies reported on the in vivo transfection and toxicity 

characteristics of biodegradable polymers for gene delivery. In this thesis different 

biodegradable polymers were investigated for their in vivo tumor transfection properties in 

mice, after local as well as systemic administration. Different intravenously administered 

non-degradable cationic carriers were assessed for their capability to deliver nucleic acids to 

a distant tumor site. In addition, further optimization was explored by addressing the effect 

of polymer molecular weight and the bacterial motifs present in plasmid DNA on the tumor 

transfection activity of polyplexes. 

 

Chapter 2 is a literature-study on the challenges encountered by nucleic acid-based 

formulations upon systemic administration. This chapter also summarizes the 

nanotechnological strategies that have been used for improving the pharmacokinetics, 

biodistribution and intracellular trafficking of current nucleic acid delivery vehicles after 

intravenous administration. 

So far, much effort has been spent in improving the tumor targeting capability of 

systemically administered nucleic acid delivery systems. Different approaches can be used 

for targeting nucleic acid complexes to a distant tumor site. Passive targeting relies on the 

enhanced permeability of the tumor endothelium, which allows long-circulating 

nanoparticles to extravasate and to accumulate at the tumor-site [1]. This feature has been 
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exploited successfully by the conjugation of PEG to proteins, liposomes and other 

nanoparticles [2-5]. In active targeting, cellular uptake of the nanoparticles by cells in the 

tumor is the goal to be achieved, by the conjugation of tumor-site specific ligands to the 

complexes (e.g. RGD, transferrin and folate). In Chapter 3, the effect of complexation with 

some established nucleic acid delivery systems on the circulation kinetics, tumor 

localization, and tissue distribution of short interfering RNA (siRNA) and plasmid DNA 

was studied after i.v. administration in mice bearing a s.c. Neuro 2A tumor. The nucleic acid 

complexes consisted of nucleic acids (plasmid DNA and siRNA) complexed with poly(2-

dimethylamino ethylamino)phosphazene (p(DMAEA)-ppz), linear polyethylenimine (PEI) 

and DOTAP/DOPE liposomes as well as with PEI, modified with functionalities to promote 

passive or active tumor targeting (PEG-PEI or RGD-PEG-PEI, respectively). Intravenous 

administration of free siRNA exhibited a fast blood clearance and a minor accumulation of 

the injected dose at the distant tumor. The complexation of siRNA with the cationic 

liposome formulation DOTAP/DOPE mediated a similar extent of tumor localization as 

compared to the free siRNA. The complexation of siRNA with the cationic polymer RGD-

PEG-PEI led to the formation of small complexes with a shielded surface charge. 

Remarkably administration of these shielded complexes did not mediate prolonged siRNA 

blood levels compared to the former formulations. Similarly siRNA tumor localization was 

not enhanced significantly, despite the proven ability of RGD-complexes to target the tumor 

neovasculature. Importantly the RGD-conjugated nanoparticles directed the distribution of 

siRNA to the viable rim of the tumor, as was shown by fluorescence microscopy. A similar 

study was performed with plasmid DNA complexed with PEI, PEGylated PEI (PEG-PEI) or 

p(DMAEA)-ppz. The circulation kinetics of the PEG-PEI polyplexes were somewhat 

prolonged compared to PEI  polyplexes. This is likely due to the PEG-induced shielding of 

the surface charge of the PEG-PEI polyplexes. Surprisingly the prolonged circulation of the 

PEG-PEI polyplexes did not increase the extent of DNA tumor localization as compared to 

the unshielded polyplexes. Summarizing, the amount of nucleic acid localizing in a distant 

tumor was found to be independent of the type of formulation used in this study. 

Apparently, the value of carrier systems for the intravenous delivery of nucleic acids cannot 

be solely attributed to benefits relevant during the transport towards the tumor. Rather, 

benefits arise from changes in the intratumoral fate of the nucleic acids. 
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Several biodegradable polymers have been investigated for their tumor transfection activity 

after systemic administration. Chapter 4 describes the in vitro and in vivo tumor 

transfection activity, as well as the tumor localization of polyplexes based on one of these 

polymers, the biodegradable p(DMAEA)-ppz. Results were compared with the findings 

obtained with PEI22-based polyplexes. Both polyplex systems showed a rapid clearance 

from the bloodstream and considerable disposition in the liver and the lungs. The lung 

disposition was attributed to the interaction of the positively charged polyplexes with the 

different blood constituents. The DNA accumulation at the tumor site was similar for both 

polyplex systems and was associated with considerable transgene expression levels. In 

contrast to PEI22 polyplexes, p(DMAEA)-ppz polyplexes did not display significant gene 

expression in the lungs or in other organs. The tumor selective gene expression profile of 

p(DMAEA)-ppz polyplexes encourages its application for cancer gene therapy. The 

mechanism responsible for the observed tumor selectivity by the latter polyplexes is still 

unknown.  

p(DMAEA)-ppz, as studied in chapter 4, is characterized by a broad molecular weight 

distribution. Earlier studies have shown that polymer molecular weight affects both the 

cytotoxicity and the transfection activity of polyplexes. In Chapter 5, the effect of 

p(DMAEA)-ppz molecular weight on the in vitro and in vivo transfection characteristics of 

p(DMAEA)-ppz polyplexes was studied. Preparative size exclusion chromatography was 

used to fractionate p(DMAEA)-ppz with a broad molar mass distribution. Four p(DMAEA)-

ppz fractions were collected, having weight average molecular weights ranging from 130 to 

950 kDa, and a narrow molecular weight distribution compared to the starting polymer. 

Polyplexes consisting of plasmid DNA and the different polymer fractions were investigated 

for their biophysical properties, (cyto)toxicity and transfection activity. Whereas at low 

ionic strength (20 mM Hepes), all polymer fractions were able to condense the DNA into 

nanosized, positively charged polyplexes, at high ionic strength (20 mM Hepes, 150 mM 

NaCl) the different polyplexes gradually aggregated over time. Aggregate formation was 

most pronounced in the case of the polyplexes based on the lower molecular weight 

polymers. The in vitro transfection activity of the different polyplexes was dependent on the 

polymer molecular weight and the N/P ratio at which they were prepared, as this affected 

the degree of cytotoxicity as well as the colloidal stability of the different polyplexes within 
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the transfection medium. Intravenous administration of polyplexes based on the high 

molecular weight polymers led to apparent, acute toxicity (e.g. dyspnea) which is the likely 

result of the interaction of the polyplexes with erythrocytes. Systemic administration of 

polyplexes based on p(DMAEA)-ppz with a low molecular weight of 130 kDa did not show 

signs of toxicity and mediated tumor selective gene expression. We conclude that it is 

possible to optimize the transfection efficiency/toxicity ratio of p(DMAEA)-ppz polyplexes 

for in vitro and in vivo tumor transfection by controlling the p(DMAEA)-ppz molecular 

weight. 

Previously, our group reported that the degradation of cationic methacrylamide-based 

polymers can be used as a tool to control the release of DNA from the polyplexes. 

Polyplexes based on these polymers showed considerable in vitro transfection activity, and 

were investigated in Chapter 6, for their in vivo tumor cell transfection activity, after local 

intraperitoneal injection in mice bearing an ovarian cancer xenograft. Polyplexes composed 

of the polymer pHPMA-DMAE (based on the monomer carbonic acid 2-dimethylamino-

ethyl ester 1-methyl-2-(2-methacryloylamino)-ethyl ester) showed highest tumor cell 

transfection activity, similar to the activity observed for PEI22-based polyplexes, and were 

devoid of any cytotoxicity. Tumor cell gene expression was transient and rapidly declined 

within time, at a similar rate as observed after transfection with polyplexes based on PEI22. 

The incubation of the polyplexes with hyaluronic acid (HA), a polyanion deposited in the 

ascitic fluid of ovarian cancer mice, changed the surface properties of both types of 

polyplexes, but did not lead to polyplex dissociation. In vitro, the transfection activity of 

pHPMA-DMAE-based polyplexes was low but unaffected by the interaction with HA. In 

contrast, PEI22-based polyplexes mediated high in vitro transfection activity, but were 

highly sensitive to inactivation by co-incubation with HA. We suggest that the sensitivity to 

inactivation by polyanions like HA might have limited the in vivo transfection activity of 

particularly the PEI22 polyplexes. 

The intravenous administration of non-viral gene delivery systems generally results in low 

and short-lived transgene expression levels. Bacterial motifs within the administered DNA 

are considered to contribute to this short-coming. In Chapter 7, the effects of 

immunostimulatory CpG dinucleotides on the extent and duration of the transgene 

expression were studied both in vitro and in vivo using a representative polyplex and 



Cationic polymers for nucleic acid delivery to tumors, De Wolf, Chapter 8 
 

 180 

lipoplex formulation. To study this, two different plasmids were used. Plasmids encoded for 

firefly luciferase and were under transcriptional control of the same composite promoter, but 

differed in the fact that one plasmid was full of CpG motifs, whereas the other plasmid was 

devoid of CpG motifs. Plasmids were complexed with either PEI22 or DOTAP/DOPE 

liposomes and tested for tumor transgene expression and induced inflammatory response 

(IL-12 levels serum). High IL-12 levels were observed after intravenous administration of 

DOTAP/DOPE lipoplexes with CpG-rich DNA, and to a lesser extent after the 

administration of PEI22 polyplexes. CpG replacement strongly limited the inflammatory 

response of both DNA complexes. Tumor and organ gene expression levels, one day after 

administration of the DNA complexes, were strongly enhanced upon the replacement of 

CpG-rich DNA by CpG-free DNA. Plasmid replacement also favorably affected the 

duration of organ and tumor gene expression. Future studies have to clarify whether the gain 

in tumor and organ gene expression, mediated by the CpG depletion of the plasmid, will 

enable further progress in (tumor) gene therapy. 
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FUTURE PERSPECTIVES 

To date, much energy has been put in the search for new polymer-based delivery systems 

for cancer gene therapy. Needless to say, the ideal gene delivery system does not exist. 

However, once the exact clinical application (cancer type, intended anti-cancer strategy and 

route of administration) is clear, one should aim for a delivery system which most closely 

approaches the ideal gene delivery system. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biodegradable polymers 

The ideal gene delivery polymer is biodegradable. Degradability of the polymer limits the 

intracellular accumulation of polycations and this is likely to reduce the long-term toxicity 

of polymers. A reduced toxicity towards transfected cells might also improve the gene 

expression profile of polyplexes. Moreover, limited polycation accumulation might be 

favorable by possibly reducing polymer interference with mRNA translation. Whereas 

p(DMAEA)-ppz demonstrates a rather slow degradation under physiological conditions, the 

cationic methacrylamide-based polymers degrade rapidly [6, 7]. The difference in polymer 

Box 1. The ideal polymer-based gene delivery system 

Consists of a polymer which 

- is biodegradable  

- can be easily and reproducibly synthesized 

Demonstrates 

- high versatility 

- high in vivo predictability in in vitro test settings 

Mediates 

- no acute nor long-term toxicity 

- high and prolonged levels of in vivo gene expression 

- a high level of tumor selectivity 

Leads to  

- high anti-cancer efficacy 
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degradation rate is likely to affect the DNA release, the toxicity, and the transfection activity 

of the polyplexes.  

 

Polymer synthesis 

The synthesis of the ideal gene delivery polymer is straight-forward, easy to scale-up and is 

reproducible regarding composition and molecular weight distribution. Whereas the 

synthesis of the methacrylamide-based polymers is indeed relatively straightforward, so far, 

the synthesis of p(DMAEA)-ppz appeared to be difficult to control. As a result, 

p(DMAEA)-ppz’s demonstrate a high batch-to-batch variability. Moreover, as a 

consequence of the method of polymerization, p(DMAEA)-ppz, pHPMA-DMAE and many 

other polycations used for gene delivery (e.g. PEI22) are characterized by a broad polymer 

weight distribution. The results from Chapter 5 illustrate that for improving the in vitro and 

in vivo efficiency/toxicity ratio of the polyplexes, it is of utmost importance to identify and 

control the optimal molecular weight of the polymer. In this thesis, this was achieved using 

preparative gel permeation chromatography, however this method is time and labor 

consuming and leads to limited yields. Consequently, there is a need for alternative routes of 

polymer synthesis which can provide cationic, linear polymers with a narrow, highly 

controlled molecular weight distribution. Here, one can think of living polymerization, in 

which the ability of a growing polymer chain to terminate has been removed [8]. 

 

Highly versatile polyplexes 

Polyplexes based on the ideal gene delivery polymer should be highly versatile. By varying 

its composition, and by conjugating additional functionalities to the polyplexes, one should 

be able to improve the biocompatibility and tumor selectivity of polyplexes and tailor its 

properties to the desired application [9, 10]. Compared to other gene delivery systems, 

polyplexes are highly versatile as they are easy to modify. Experiments by our group have 

demonstrated that this holds true for p(DMAEA)-ppz and pHPMA-DMAE as well. From 

both polymers, a co-polymer has been synthesized bearing primary amines suitable for 

conjugation with different functionalities. Conjugation of folate-PEG to the p(DMAEA)-ppz 

copolymer has resulted in the formation of polyplexes with a reduced cytotoxicity compared 

to polyplexes based on the original polymer, while retaining the original transfection 
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activity [11]. So far, conjugation strategies using methacrylamide-based copolymers have 

not been successful, as the resultant polyplexes were prone to aggregation. 

In addition, the versatility of the colloidal system might be interpreted in terms of the ability 

of the system to deliver not only plasmid DNA, but also other nucleic acids like short 

interference RNA (siRNA). The efficiency of p(DMAEA)-ppz and pHPMA-DMAE to 

deliver siRNA has not been addressed to date.  

  

In vitro - in vivo correlation 

Polyplexes based on the ideal gene delivery polymer, when tested in in vitro transfection 

studies, should demonstrate high in vivo predictability. Unfortunately, several chapters in 

this thesis as well as studies published in literature point out that there is a large discrepancy 

between the in vivo and the in vitro transfection activity of polyplexes. Presumably, this is 

the consequence of the fact that the in vivo transfection activity of gene delivery systems is 

not only determined by the interaction of the system with the target cells, but also by the 

interactions with non-target structures such as amongst others blood proteins and non-target 

cells. This is illustrated in Chapter 6 highlighting the effect of the polyanion HA on the      

in vivo transfection activity of polyplexes. The inclusion of potentially inactivating agents    

-relevant to the in vivo situation- within in vitro testing systems is likely to improve the      

in vivo predictive ability of the current in vitro test systems [12]. The nature of the included 

agents should be adapted to the route of administration of the complexes, the target tissue, 

and the target cell type(s).  

 

Polyplex toxicity 

Polyplexes based on the ideal gene delivery polymer should be devoid of any early and 

long-term toxicity.  

Polyplexes based on p(DMAEA)-ppz demonstrated some in vitro and in vivo toxicity, 

though considerably less than observed for PEI-based polyplexes. Polyplexes based on 

pHPMA-DMAE did not mediate any apparent early toxicity, in vitro or in vivo (after local 

i.p. administration). We showed that the toxicity of p(DMAEA)-ppz polyplexes is 

dependent on the N/P ratio of the complexes, and the molecular weight of p(DMAEA)-ppz. 

Recently, Luten et al. found that conjugation with PEG successfully limited the in vitro 



Cationic polymers for nucleic acid delivery to tumors, De Wolf, Chapter 8 
 

 184 

toxicity of p(DMAEA)-ppz-based polyplexes [11]. Nevertheless, before clinical application 

can be considered, a more in-depth analysis of the toxicity and immunogenicity profile of 

the different delivery systems is needed (inflammatory response, haematological changes, 

thrombi formation, hepatosplenic necrosis etc.). 

It is expected that the long-term toxicity of a gene delivery polymer benefits from polymer 

degradability, as it limits the intracellular accumulation of polycations. The exact effects of 

polymer degradation on the long-term (cyto)toxicity of gene delivery systems -after a single, 

as well as repeated administration- needs further study. Moreover, biodistribution studies 

with radioactive polymer building-blocks can be used to assess the effect of degradation on 

the in vivo accumulation of the polymer. 

The results of Chapter 7 clearly illustrate that the depletion of CpG motifs from plasmid 

DNA enables a reduction in the immune activation mediated by polyplexes and lipoplexes. 

Previous studies have shown that this led to a significant reduction in the acute toxicity of 

lipoplexes after i.v. administration [13, 14]. Future studies should reveal the effect of CpG 

replacement on the toxicity of i.v. administered polyplexes. 

 

In vivo gene expression 

For therapeutic applications, polyplexes based on the ideal gene delivery polymer should 

mediate high and prolonged levels of in vivo gene expression. Polyplexes based on 

p(DMAEA)-ppz and pHPMA-DMAE mediated tumor gene expression which was similar in 

levels as those of polyplexes based on the ‘golden standard’ PEI22. Nevertheless, using 

these three polyplex systems, the absolute amounts of expressed reporter protein are very 

moderate. As a consequence, the therapeutic exploitation of the latter delivery systems relies 

on the expression of potent anti-cancer proteins such as diphteria toxin.  

Polyplexes based on the biodegradable polymer pHPMA-DMAE mediated a short-lived 

tumor cell gene expression, after application in the i.p. OVCAR3 tumor model. A rapid 

decline over time was observed, at a rate similar as observed after injection of polyplexes 

based on pEI22. The effect of polymer degradability on the level and duration of gene 

expression can be the subject of further investigation.  

The results presented in Chapter 7 illustrate that plasmid design is of utmost importance in 

tailoring the gene expression profile of non-viral transfection systems. The replacement of 
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CpG motifs within the plasmid DNA of polyplexes has shown to improve the level and 

duration of tumor gene expression. However, molecular biological strategies to improve the 

potential of cancer gene therapy are not restricted to the depletion of bacterial motifs. The 

use of tumor-specific promoters enables transcriptional targeting of cancer gene medicines, 

leading to an increased selectivity as well as an enhanced degree of gene expression        

[15, 16]. Moreover, plasmids can be designed, encoding for effector proteins which are 

fused to cell-targeting peptides, expanding the bystander effect in cancer gene delivery 

(intra-tumoral transgene targeting) [17]. Finally, the introduction of different DNA 

transcription modulators has shown beneficial effects in cancer therapy [18]. Major 

advances can be expected when the different molecular biological approaches are combined 

in one gene delivery system. 

 

Selectivity 

Polyplexes based on the ideal gene delivery polymer should mediate a high selectivity for 

the tumor cell or tissue.  

I.v. administered polyplexes based on p(DMAEA)-ppz resulted in selective gene expression 

at the distant tumor. Nevertheless, biodistribution studies showed that the polyplexes did not 

accumulate only in the tumor, but in all the major organs. To establish the mechanism 

responsible for the selective tumor gene expression of p(DMAEA)-ppz polyplexes, more 

studies are needed in order to identify the cell type(s) involved in the uptake of the 

polyplexes, and involved in the expression of the protein.  

The results of Chapter 3 illustrate that carrier systems -modified for passive or active tumor 

targeting- do not necessarily enhance the transport of nucleic acids towards a distant tumor 

after intravenous delivery. A prerequisite to further enhance the tumor disposition of 

passively and actively targeted nucleic acid delivery systems lies in improving their 

circulation kinetics. So far, there have been only three reports on polyplexes with enhanced 

circulation kinetics compared to freely administrated nucleic acids [19-21]. Interestingly, all 

three systems were PEGylated subsequent to complex formation. Future studies have to 

address the added value of PEGylation in systemic polymer-mediated cancer gene therapy. 

On the downside, a high density of PEG on the polyplex surface impairs cellular uptake and 

the efficiency of intracellular processing [12]. The use of more advanced shielding strategies 
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can further enhance the tumor gene expression efficiency of p(DMAEA)-ppz-based nucleic 

acid delivery systems, by prolonging circulation without compromising the interaction with 

the target cell. To do so, targeting ligands should be conjugated to the distal end of the 

shielding moiety, or so-called ‘sheddable’ shielding moieties can be applied [22-24].  

The i.p. administration of pHPMA-DMAE-based polyplexes mediated tumor cell preferable 

gene expression in an ovarian cancer mouse model. The relative tumor cell selectivity can 

likely be attributed to the particular peritoneal organization -allowing some extent of passive 

targeting- as well as to the susceptibility of the rapidly proliferating tumor cells for 

transfection. Tumor cell selectivity of the latter polyplexes may be further enhanced by 

applying active targeting strategies directed towards the tumor cells [5, 9, 10]. 

 

Cancer gene therapy 

Polyplexes based on the ideal gene delivery polymer should mediate a high anti-tumor 

efficacy. Although p(DMAEA)-ppz and pHPMA-DMAE-based polyplexes have 

demonstrated significant reporter gene expression, so far, introductory therapeutic studies 

with polyplexes composed of these polymers and plasmid DNA encoding for IL-12 were 

not successful. More preclinical therapeutic studies are needed to assess the value of these 

systems in cancer gene therapy. Encouraging therapeutic efficacy has been reported using 

systemically administered polyplexes based on PEI22 and PPI-dendrimers (see Chapter 1). 

However, care must be taken in interpreting these findings. Studies have demonstrated that 

at least part of the anti-tumor effects mediated by DNA complexes can be attributed to non-

specific toxicity and/or immunogenicity elicited by the complexes [15, 25]. Future studies 

should address this issue by quantifying the contribution of these non-specific effects in 

determining the therapeutic efficacy. 
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CONCLUSIONS 

The in vivo evaluation of biodegradable polymers in this study has led to the identification 

of two gene delivery systems with considerable in vivo tumor transfection activities, i.e. 

p(DMAEA)-ppz and pHPMA-DMAE. Interestingly, the i.v. administration of p(DMAEA)-

ppz yielded a tumor selective gene expression. The benefits of several advanced non-

degradable carrier systems to deliver nucleic acids to a distant tumor site could not be 

attributed to benefits relevant during the transport phase. Rather, the benefits might be 

attributed to carrier-induced changes in the intratumoral processing of the nucleic acids. 

Finally, major improvements in the in vivo transfection efficiency/toxicity ratio of polyplex 

systems could be established by controlling the molecular weight of the polymeric vehicle 

and by the replacement of CpG motifs within the plasmid of the polyplexes. 
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BEKNOPTE SAMENVATTING 

 

Introductie Er is een grote vraag naar alternatieve therapieën tegen kanker. De huidige 

behandeling van kanker kenmerkt zich door een slechte verdraagzaamheid, een snel 

optredende resistentie en een matige selectiviteit met betrekking tot de tumor. Gentherapie 

is een innovatieve behandelingsmethode die berust op de correctie van bestaand DNA in het 

lichaam of op de introductie van nieuw DNA. Dit proces wordt transfectie genoemd. Sinds 

1990 zijn meer dan 1300 klinische gentherapiestudies verricht. Ongeveer tweederde van 

deze studies had betrekking op kanker, waarbij gebruik gemaakt werd van DNA coderend 

voor bepaalde destructieve eiwitten of eiwitten die het immuunsysteem aanzetten tot 

destructie van de tumorcellen. Tot nu toe blijkt dat een van de grootste bottlenecks de 

ontwikkeling van een goed dragersysteem voor het DNA is. Positief geladen polymeren 

kunnen hier een belangrijke rol gaan spelen. Ze zijn in staat het DNA tot nanometerschaal 

kleine complexen te verpakken. Hierdoor is het DNA beschermd tegen afbraak door 

eiwitten en kan het gemakkelijker de celkern van de tumorcellen binnenkomen. Polymeren 

hebben bovendien als voordeel dat ze gemakkelijk op grote schaal bereid kunnen worden en 

dat ze gemakkelijk te modificeren zijn waardoor ze geknipt voor een specifieke toepassing 

en toedieningsroute ontworpen kunnen worden. Tijdens dit onderzoek zijn complexen 

gebaseerd op DNA en polymeren verder ontwikkeld en is de transfectie-efficiëntie en 

toxiciteit van de complexen bestudeerd in verschillende muis-tumormodellen. 

Resultaten Aanzienlijke verbeteringen konden bereikt worden door gebruik te maken van 

een nieuw, biologisch afbreekbaar polymeer. DNA-complexen met dit polymeer waren in 

staat om het DNA na intraveneuze toediening efficiënt en selectief in de tumor tot expressie 

te laten komen. Door de ketenlengte van het polymeer te variëren was het bovendien 

mogelijk de ratio tussen de verdraagzaamheid en de transfectie-efficiëntie van deze 

middelen te controleren. 

Aan de andere kant kon het gedrag van de DNA-complexen verbeterd worden door het 

DNA aan te passen. Door zogenaamde immuunstimulerende motieven uit het DNA van de 

complexen te verwijderen waren wij in staat om de immuunreacties die optraden na 

toediening van de DNA-complexen te beperken. Bovendien werd op deze manier de mate 

van de genexpressie verhoogd en de duur ervan verlengd.  
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Conclusie Het gedrag van de huidige generatie polymeergebaseerde DNA-complexen kan 

sterk verbeterd worden door de polymeren verder te ontwikkelen op het gebied van 

biologische afbreekbaarheid en polymeerketenlengte. Daarnaast dient ook het gebruikte 

DNA verder te worden ontwikkeld. Verdere studies moeten uitwijzen of de voordelen zich 

ook therapeutisch manifesteren. 
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UITGEBREIDE SAMENVATTING 

 

Nucleïnezuren als nieuwe therapie bij kanker  

De zich ontwikkelende kennis over DNA, genen en genetisch manipulatie brengt nieuwe 

geneeskundige mogelijkheden met zich mee, o.a. voor ziekten waar tot op heden geen of 

onbevredigende behandelingen voor zijn. Bij gentherapie worden zogenaamde DNA- of 

RNA-nucleïnezuren in de cellen van patiënten gebracht. Dit proces wordt transfectie 

genoemd. Eenmaal in de celkern worden de DNA-nucleïnezuren afgelezen, wat leidt tot de 

expressie van een eiwit waarvoor het DNA codeert. De aanwezigheid van korte stukjes 

RNA (zogenaamde small interference RNA, siRNA) in het cytoplasma van een cel zorgt 

ervoor dat een eiwit niet aangemaakt kan worden. In de basenpaarsamenstelling van de 

nucleïnezuren  van het DNA of siRNA ligt besloten welk eiwit tot expressie wordt gebracht, 

of van welk eiwit de expressie juist wordt beperkt. 

De eerste geslaagde gentherapie bij mensen stamt uit 1990, toen twee patiënten met een 

verminderd immuunsysteem behandeld werden met DNA coderend voor het eiwit 

adenosine-deaminase (ADA). Het inbouwen van dit stukje DNA in de T-cellen van de 

patiënten leidde tot een langdurige expressie van het nieuwe eiwit ADA met als gevolg een 

langdurige verbetering van de kwaliteit van leven van deze en verscheidene andere 

immuungecompromitteerde patiënten. Soortgelijke gentherapiestudies zijn met succes 

uitgevoerd bij patiënten die leiden aan overerfbare ziekten -hemofilie, taaislijmziekte, 

etcetera- en patiënten met een cardiovasculaire stoornis. De verschillende vormen van 

gentherapie bevinden zich alle nog in de beoordelingsfase.  

Het grootste toepassingsgebied van gentherapie is momenteel kanker: 67% van de huidige 

gentherapie studies beoogt het bestrijden van deze ziekte. De belangstelling voor kanker 

komt mede voort uit een klinische noodzaak. Immers, de huidige 

behandelingsmogelijkheden voor kanker zijn beperkt, ze geven forse bijwerkingen en er is 

vaak sprake van het ontwikkelen van resistentie tegen de behandeling. Door gentherapie 

beschikt men over een enorm arsenaal aan potentiële, eiwitgebaseerde behandelingen. In het 

geval van siRNA-behandelingen moeten de RNAstukjes de expressie van eiwitten 

tegengaan die voor de overleving van de tumor van cruciaal belang zijn. In het geval van 

DNA-gebaseerde behandelingen worden eiwitten tot expressie gebracht die de kankercellen 
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doodmaken. Hierbij kan men denken aan 1) een antigen of 2) cytokine, beide eiwitten die 

het immuunsysteem helpen de kankercellen te herkennen en op te ruimen, 3) een toxisch 

eiwit dat de kankercellen laat doodgaan, of 4) een tumorsuppressoreiwit, een eiwit dat de 

tumorcellen aanzet tot het stoppen met delen of zelfmoord doet plegen. Het enige 

geregistreerde DNA-gebaseerde gentherapeuticum dat momenteel op de markt is, 

GendicineTM, bevat DNA coderend voor ‘p53’, een tumorsuppressoreiwit. 

 

 

 

 

 

 

 

 

 

Complexen van nucleïnezuren met polymeren zijn veelbelovend voor toepassing bij 

kanker 

Toediening van nucleïnezuren in de bloedbaan (intraveneuze toediening, i.v.) heeft de 

voorkeur boven andere toedieningsroutes omdat via deze toedieningsroute ook de 

verborgen, lokale haarden van de kanker bereikt kunnen worden. Nucleïnezuren kunnen 

echter niet onbeschermd in de bloedbaan worden ingespoten; in het bloed aanwezige 

enzymen breken ze snel af. Bovendien zijn ze erg groot, negatief geladen en hebben ze de 

structuur van een losse spaghettisliert. Deze eigenschappen zorgen ervoor dat de 

nucleïnezuren slecht door de bloedvat- of kankercellen worden opgenomen.  

 
Figuur 1. De route van i.v. toegediende nucleïnezuren naar de doelcellen is complex. 

 

Box 1. Gentherapie bij kanker 

 - Antigen  Helpt immuuncellen kankercellen te herkennen 

 - Cytokine  Stimuleert het immuunsysteem 

 - Toxisch eiwit  Doodt de kankercel  

- Tumorsuppressor Stopt celdeling van kankercel en/of zet de kankercel aan tot 

zelfmoord  
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Om ze toch voor intraveneuze toediening geschikt te maken moeten de nucleïnezuren 

worden verpakt. Oorspronkelijk werden hiervoor lege virusdeeltjes gebruikt. Voor i.v. 

toepassing hebben synthetische, niet-virale dragermaterialen echter de voorkeur. De 

interactie van de negatief geladen nucleïnezuren met positief geladen dragermaterialen als 

polymeren of vetbolletjes leidt tot de vorming van heel kleine, positief geladen bolletjes die 

‘polyplexen’ (polymeer) of ‘lipoplexen’ (vetbolletje) genoemd worden.  

 

  
Figuur 2. Vorming van polyplexen uit DNA en een positief geladen polymeer. 

 

In deze complexen zijn de nucleïnezuren beschermd tegen aanval van enzymen, kunnen ze 

gestuurd worden naar de gewenste organen, worden ze een gemakkelijker opgenomen door 

de cellen, en verplaatsen ze zich efficiënter door de cel naar het cytoplasma of de celkern. In 

dit onderzoek staat het gebruik van positief geladen polymeren voor de toediening van 

nucleïnezuren centraal.  

 

 

 

 

 

 

 

 

Polymeren als dragermateriaal van i.v. toegediende nucleïnezuren   

- Beschermen tegen enzymen 

- Transporteren naar gewente orgaan of tumor 

- Verbeteren opname door de cellen 

- Verbeteren transport naar het cytoplasma en/of celkern  
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Tot nu toe heeft de toepassing van polyplexen, bestaande uit DNA coderend voor cytokines 

of toxische eiwitten en verpakt met positief geladen polymeren, in een aantal muis-

tumormodellen geleid tot regressie van de tumor. Complexen gebaseerd op het polymeer 

polyethylenimine (PEI) lijken het meest succesvol te zijn. Echter, het onderzoek naar deze 

complexen bevindt zich nog in een dierexperimenteel stadium. Om hun therapeutische 

toepassing ook bij mensen mogelijk te maken verdienen een aantal belangrijke 

verbeterpunten verder aandacht:  

1) De toxiciteit van de polyplexen. Na intraveneuze toediening van de polyplexen kunnen 

ernstige bijwerkingen optreden. Een belangrijk deel van de bijwerkingen is gerelateerd aan 

de interactie van de complexen met componenten uit het bloed. Dit leidt tot de vorming van 

aggregaten die kunnen vastlopen in het bloedvatstelsel. Daarnaast treedt er na toediening 

van de polyplexen een immuunreactie op omdat de deeltjes als lichaamsvreemd herkend 

worden. Tenslotte kan op cellulair niveau schade optreden, door de binding van de 

polymeren aan de cellen en/of de uitwerkingen van de immuunreactie.  

2) De selectiviteit van de polyplexen voor de tumor. Idealiter verplaatsen de deeltjes zich na 

intraveneuze toediening als een ‘magic bullet’ naar de verschillende haarden van de tumor. 

Dit is echter niet het geval; na i.v. toediening hopen polyplexen zich vooral in de lever, de 

milt en de longen op en in mindere mate in de tumor. Dit heeft als gevolg dat de expressie 

van het eiwit niet beperkt blijft tot de tumor maar ook plaatsvindt in andere organen.  

3) De mate en de duur van de expressie. De spiegels van de tot expressie gebrachte eiwitten 

zijn meestal laag en bovendien beperkt tot de eerste dagen na toediening van de polyplexen. 

De beperkte expressie van de eiwitten is een gevolg van de lage efficiëntie van de huidige 

polyplex-systemen, maar komt ook doordat immuunreacties de expressie tegenwerken.  
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Polyplexen dienen op een aantal punten te worden verbeterd  

Veel onderzoek wordt uitgevoerd ter verbetering van de eigenschappen van de huidige 

nucleïnezuur-complexen. Voor een literatuuroverzicht hiervan, zie hoofdstuk 2 van dit 

proefschrift.  

 

De samenstelling van de nucleïnezuren 

Het DNA dat men gebruikt in de complexen wordt gekweekt in bacteriën. Bacteriële 

motieven die op deze manier in het DNA terecht komen zorgen ervoor dat toegediende 

DNA-complexen in muizen maar ook in de mens een immuunreactie veroorzaken. Eerdere 

studies hebben aangetoond dat het verwijderen van deze motieven de mate en duur van de 

expressie verbeterde na toediening van lipoplexen. Het effect van de motieven op de 

transfectie-efficiëntie van polyplexen is niet eerder bestudeerd. 

 

De samenstelling van de polymeren 

Modificatie van bestaande polymeren kan de eigenschappen van de complexen sterk 

verbeteren. Hierbij kan men denken aan het koppelen van specifieke ‘stealth’-polymeren 

aan het complex waardoor de interactie van de complexen met bijvoorbeeld de rode 

bloedlichaampjes beperkt wordt, of van zogenaamde ‘targeting’-eiwitten die leiden tot een 

actieve opname van de complexen door de tumor.  

Ook worden veel nieuwe polymeren ontwikkeld. Biodegradeerbare polymeren zijn in het 

bijzonder vermeldenswaardig omdat zij na toediening langzaam worden afgebroken. 

Hierdoor wordt de ophoping van deze polymeren in het lichaam tegengegaan. Dit heeft een 

gunstig effect op de toxiciteit van de polyplexen en wellicht ook op de mate en tijdsduur van 

de expressie, geïnitieerd door de polyplexen. Inmiddels zijn een aantal biodegradeerbare 

polymeren beschreven met goede in vitro resultaten. Over de toepassing van 

biodegradeerbare polymeren bij in vivo gebruik in muis-tumormodellen is nog nauwelijks 

iets bekend.  

Tenslotte wordt aandacht besteed aan de fine-tuning van bestaande polymeren. Zowel de 

oude als de nieuwe generatie polymeren hebben een brede verdeling van 

polymeerketenlengtes. Eerder in vitro onderzoek heeft aangetoond dat de 

polymeerketenlengte een belangrijke parameter is in de bepaling van de toxiciteit van de 
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polyplexen en hun transfectie-efficiëntie. Over de effecten van polymeerketenlengte in vivo 

is nauwelijks iets bekend.  

 

Doel van dit proefschrift  

In dit proefschrift beschrijven we de in vivo eigenschappen (toxiciteit en transfectie-

efficiëntie) van polyplexen, voor toepassing bij kanker. We testen polyplexen, gebaseerd op 

nieuwe, biodegradeerbare polymeren in twee muis-tumormodellen. Daarnaast evalueren we 

de capaciteit van al bestaande polyplex-systemen om nucleïnezuren af te leveren bij de 

tumor, na i.v. toediening. Tenslotte proberen wij polyplex-systemen verder te optimaliseren 

door de polymeerketenlengte te controleren en door bacteriële DNA-motieven uit de 

complexen te verwijderen. 

 

Resultaten 

De mate waarin nucleïnezuren zich in de tumor ophopen na i.v. toediening is onafhankelijk 

van het gebruikte dragersysteem  

In hoofdstuk 3 zijn verschillende bestaande polyplex-systemen getest op circulatietijd en op 

de mate waarin ze zich ophopen in een tumor, na i.v. toediening. De polyplexen bestonden 

uit ongemodificeerde polymeren of vetbolletjes, dan wel uit gemodificeerde polymeren, 

verrijkt met een ‘stealth’-polymeer of met een ‘targeting’-eiwit. Van de gemodificeerde 

complexen wordt verondersteld dat ze de circulatie van polyplexen verbeteren en de 

opname van de complexen in de tumor doet toenemen. De resultaten van deze studie laten 

echter zien dat de verschillende gemodificeerde en ongemodificeerde complexen niet of 

nauwelijks voor elkaar onderdoen op het gebied van circulatie en ophoping in de tumor. 

Eerdere studies die keken naar de mate van expressie en/of therapeutische efficiëntie hebben 

al onomstotelijk de meerwaarde van de gemodificeerde complexen vastgesteld. Wij 

concluderen daarom dat de meerwaarde van gemodificeerde nucleïnezuurcomplexen niet 

zozeer ligt in het feit dat ze een verbeterde tumorophoping geven, maar meer in de 

processen die volgen nadat de tumor bereikt is. Hierbij kan men denken aan de opname van 

de complexen door de tumorcellen, en het intracellulaire traject dat de complexen moeten 

afleggen. 
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Na i.v. toediening van p(DMAEA)-ppz-polyplexen wordt DNA selectief in de tumor tot 

expressie gebracht  

Hoofdstuk 4 behandelt de i.v. toepassing van polyplexen gebaseerd op DNA en het 

biodegradeerbare polymeer p(DMAEA)-ppz. Polyplexen van dit polymeer bleken 

aanzienlijk minder toxisch voor cellen dan polyplexen gebaseerd op de gouden referentie in 

het veld van de gentherapie, het polymeer PEI22. Na i.v. toediening verdeelden de 

complexen zich op eenzelfde manier over de tumor en de organen en vertoonden de beide 

complexen een gelijke mate van tumorgenexpressie. Echter, in tegenstelling tot 

PEI22gebaseerde polyplexen, die ook leidden tot genexpressie in de meeste andere organen, 

beperkte de genexpressie door p(DMAEA)ppz gebaseerde polyplexen zich tot de tumor. Het 

mechanisme achter deze selectiviteit is nog niet opgehelderd. 

 

De polymeerketenlengte bepaalt de toxiciteit en de transfectie-effciëntie van p(DMAEA)-ppz 

polyplexen 

Hoofdstuk 5 beschrijft de scheiding van een batch van het polymeer p(DMAEA)-ppz in 

verschillende fracties met een steeds andere polymeerketenlengte, door middel van 

kolomchromatografie. De ketenlengte van de polymeren bepaalde voor een belangrijke mate 

de transfectie-efficiëntie van de complexen in vitro. Polyplexen gebaseerd op de relatief 

lange ketens vertoonden veel toxiciteit in vitro en in vivo. Polyplexen van deze variant 

konden alleen kleine hoeveelheden i.v. ingespoten worden en vertoonden geen 

transfectieactiviteit. Polyplexen gebaseerd op de korte ketenlengtes vertoonden weinig 

toxiciteit, konden in hogere doses ingespoten worden en leidden tot genexpressie die zich 

beperkte tot de tumor. We concluderen dat de controle over de polymeerketenlengte ons in 

staat stelt zowel de toxiciteit als de transfectie-efficiëntie van p(DMAEA)-ppz polyplexen te 

beheersen. 

 

Polyplexen gebaseerd op pHPMA-DMAE vertonen een aanzienlijke transfectie-efficiëntie in 

een ovariumkankermodel 

In hoofdstuk 6 wordt de transfectie-efficiëntie van polyplexen gebaseerd op DNA en 

verschillende biodegradeerbare polymeren in een muis-ovariumkankermodel beschreven. 

Polyplexen van pHPMA-DMAE leidden tot een aanzienlijke genexpressie in tumorcellen en 
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vertoonden geen enkele toxiciteit. Ondanks de afwezigheid van toxiciteit van de polyplexen 

werd de duur van de genexpressie in de tumorcellen niet verlengd. In tegenstelling tot de 

PEI22-polyplexen was de transfectie-efficiëntie van polyplexen gebaseerd op pHPMA-

DMAE niet gevoelig voor hyaluronzuur, een macromolecuul dat in hoge concentraties bij 

ovariumkanker aanwezig is. We concluderen dat polyplexen gebaseerd op pHPMA-DMAE 

veelbelovend zijn voor toepassing bij ovariumkanker. 

 

Verwijdering van bacteriële CpG-motieven uit het DNA van polyplexen verhoogt de mate en 

de duur van de genexpressie 

In hoofdstuk 7 testten we in hoeverre het verwijderen van bacteriële CpG-motieven uit het 

DNA van polyplexen kan leiden tot een verbetering in de het genexpressieprofiel van 

polyplexen. Na i.v. toediening vertoonden polyplexen zonder CpG-motieven een zeer 

beperkte immuunactivatie in vergelijking met polyplexen waarin de CpG-motieven nog 

aanwezig waren. Bovendien leidde de verwijdering van de CpG-motieven tot een 

verbetering van de mate en de duur van de genexpressie, in de tumor en in verschillende 

andere organen. De verbetering van het DNA in polyplexen brengt de toepassing van 

polyplexen in de kliniek een stap dichterbij.  

 

Conclusies 

De resultaten van dit proefschrift bewijzen dat biodegradeerbare polymeren een plaats 

verdienen binnen het veld van de polymere DNA-dragersystemen. De screening van een 

beperkte hoeveelheid van deze nieuwe polymeren in twee muis-tumormodellen leverde 

twee nieuwe kandidaat dragersystemen op (p(DMAEA)-ppz en pHPMA-DMAE) waarvan 

de polyplexen een gelijke mate van genexpressie gaven als polyplexen gebaseerd op de 

gouden standaard PEI22. Bovendien vertoonden de polyplexen van deze nieuwe, 

biodegradeerbare polymeren naast de verwachte voordelen zoals een beperkte toxiciteit, ook 

onverwachte voordelen zoals een sterke selectiviteit voor de tumor en een ongevoeligheid 

tegen omgevingsfactoren zoals hyaluronzuur. Tenslotte onderschrijven de resultaten van dit 

proefschrift het belang van verdere optimalisatie van polyplexen. Door de ketenlengte van 

de polymeren te controleren en door bacteriële motieven uit het DNA te verwijderen kan de 

toxiciteit en de transfectie-efficiëntie van polyplexen sterk worden verbeterd.  
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ABBREVIATIONS 

CMV cytomegalovirus 

CpG cytosine guanine dinucleotide 

DLS dynamic light scattering 

DNA deoxyribonucleic acid 

DOPE dioleoyl phosphatidylethanolamine 

DOTAP 1,2-dioleoyl-3-trimethylammonium propane 

DOTMA N-[1-(2,3,-dioleyloxy)propyl]-N,N,N-trimethylammoniumchloride 

DT-A diphteria toxin A-chain 

EtBr ethidium bromide 

GPC gel permeation chormatography 

HA hyaluronic acid 

i.p. intraperitoneal 

i.t. intratumoral 

i.v. intravenous 

IL-12 interleukin-12 

INF influenza 

kbp kilopasebair 

kDa kilodalton 

lipoplex liposome/DNA complex 

MPS mononuclear phagocyte system 

mRNA messenger ribonucleic acid 

Mw weight average molecular weight 

N.D. not determined 

N/P ratio nitrogen to phosphate ratio 

pAsp poly(L-aspartic acid) 

PBS phoshate buffered saline 

p(DMAEA)-ppz poly(2-dimethylamino ethylamino)phosphazene 

PEG poly(ethylene glycol) 

PEI  polyethylenimine 

pEI22 polyethylenimine, Mw 22 kDa 

pHPMA-DMAE polymer based on the monomer  carbonic acid  

2-dimethylamino-ethyl ester 1-methyl-2-(2-methacryloylamino) ethyl ester 

p.i. post-injection 
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PLL poly(L-lysine) 

polyplex polymer/DNA complex 

PPI polypropylenimine 

RGD Arg-Gly-Asp peptide  

RNA ribonucleic acid 

s.c. subcutaneous 

siRNA small interfering RNA 
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