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Introduction 

 

Gene Therapy 

The main goal for gene therapy is to treat various forms of diseases with a 

genetic origin by introducing a therapeutic gene in the target cell. In order to get the 

exogenous DNA into the target cells, a carrier is needed. Viral carriers are very 

efficient in introducing DNA in the cell. However, viral carriers might induce an 

immune response particularly after repeated administration, might show random 

insertion of the DNA, have limitations in size of the DNA that can be introduced and 

might recombine with wild type viruses [1-4]. Nonviral gene delivery systems are 

attractive alternatives for viral systems, because they can overcome the limitations 

of their viral counterparts. Nonviral gene delivery includes physical methods, like 

hydrodynamic pressure techniques and electroporation [5,6], and the use of 

polymer and lipid carriers. Although, the physical methods can be used for local 

treatment they are not suitable for systemic application. 

 

Extracellular barriers  

DNA can be administered in several ways and routes, e.g. pulmonary via 

aerosol inhalation, via arterial catheterization, or, the most common way, by 

injection (intravenous, intramuscular, subcutaneous, or intra-tumoral). Multiple 

extracellular barriers have to be overcome before the DNA reaches the target cell. 

For example naked DNA is within seconds degraded by nucleases in the 

bloodstream [7,8]. Therefore, a carrier needs to protect the DNA against these 

enzymes. Also, interaction of the carrier with erythrocytes can occur, resulting in 

11 



the formation aggregates, which subsequently can give rise to clogging of 

capillaries [8], or the polyplexes can be taken up by macrophages [9]. 

 

Intracellular barriers  

 The intracellular barriers that have to be overcome before the exogenous 

gene can be transcribed include cell internalization, endosomal escape, transport 

to the nucleus and finally nuclear uptake. 

The DNA enters the cell by a process called endocytosis. Several different 

endocytotic pathways exist, including macropinocytosis, clathrin- and caveolae-

mediated endocytosis [10-14]. The pathway via which the uptake of the carrier 

occurs depends on the size and charge of the particles, the presence of a targeting 

ligand and cell type [15-17]. After the uptake of the polyplex into those vesicles the 

polyplex has to be released into the cytosol since complexes that do not escape 

from the endosomes are transported to the lysosomes were they are degraded 

[18]. After endosomal escape and cytosolic delivery the DNA has to be transported 

towards the nucleus. In the cytosol protection of the DNA by the carrier against 

nucleases is still wanted. In addition, the high viscosity of the cytosol, consisting of 

proteins, organelles and RNA, substantially retards the diffusion of colloidal 

particles and large macromolecules (e.g. DNA) [19]. Therefore, the transport of 

nanoparticles to the nucleus takes place via microtubules [20,21]. 

The polyplex needs to be destabilized before the DNA can be transcribed 

into mRNA. It is not understood yet whether this dissociation takes place in the 

cytosol or in the nucleus. The localization of either intact polyplex or DNA into the 

nucleus is achieved more easily in dividing than in non-dividing cells [22], because 

the nuclear envelope is absent during certain stages of cell division. In slowly or 
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non-dividing, cells nuclear entry can only be achieved via the tightly controlled 

import to export machinery located within the nuclear pore complex [15,23].  

 

Polycationic carriers 

Frequently studied cationic gene delivery polymers include 

poly(ethylenimine) (pEI), poly(2-dimethylaminoethyl methacrylate) (pDMAEMA), 

and poly-L-lysine (pLL). Their gene binding and condensation capacities as well as 

their in vitro and in vivo transfection properties have been well documented in a 

number of review papers and books [24-29] However, these polymers are either 

non-biodegradable (pEI and pDMAEMA) or show low transfection activity (pLL). 

Therefore, in recent years, biodegradable polycations are designed as DNA 

delivery vehicles. The potential advantage of biodegradable carriers is the lack of 

intracellular accumulation of the polymer, leading to reduced toxicity and the 

degradation of the polymer can be used as a tool to release the plasmid DNA into 

the cytosol and/or nucleus. 

 

The aim and outline of this thesis 

The aim of this thesis is to investigate the potential of biodegradable 

polymers for gene delivery. New polymeric carriers capable of degrading in low 

molecular weight and /or non-toxic products have been designed which might be 

able to overcome some of the barriers mentioned in the previous section.  

 

In this thesis several new cationic and biodegradable polymers have been 

synthesized, characterized and evaluated in vitro for their transfection capabilities. 

Some of the polyplexes were also evaluated in in vivo tumour models. 
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In Chapter 1 an overview about the current literature of degradable 

polymers for gene delivery is given.  

In Chapter 2 a new class of biodegradable cationic gene delivery polymers 

based on polyphosphazenes is described. The synthesized polyphosphazenes, 

poly(2-dimethylaminoethylamine)phosphazene and poly(2-

dimethylaminoethanol)phosphazene, were able to bind plasmid DNA yielding 

positively charged particles (polyplexes). The polyphosphazene-based polyplexes 

were able to transfect COS-7 cells in vitro. The toxicity of both polyphosphazenes 

was lower than pDMAEMA. Degradation of the polymers occurred by acid 

catalyzed hydrolysis. 

Chapter 3 reports on the design of a new cationic biodegradable 

polyphosphazene, bearing both pendant primary and tertiary amine side groups, 

poly(2-dimethylaminoethylamine-co-diaminobutane)phosphazene (poly(DMAEA-

co-BA)phosphazene). PEG and PEG-folate were coupled to polyplexes based on 

this poly(DMAEA-co-BA)phosphazene, leading to small and almost neutral 

particles. Low cytotoxicity was observed for both uncoated and coated polyplex 

systems. By coupling PEG-folate instead of PEG to the uncoated polyplexes the 

transfection activity was increased 3 times. When free folate was added to the 

transfection medium, only the transfection activity of the targeted polyplexes 

decreased, indicating internalization of the folate decorated PEG polyplexes via the 

folate receptor endocytosis.  

Chapter 4 describes a series of cationic methacrylamide polymers with 

hydrolyzable side groups. These polymers with biocompatible main chains of 

poly(N-(1-hydroxypropan-2-yl)methacrylamide) (pHPMA) were derivatized with 

cationic groups via hydrolyzable linkers. These polymers form stable polyplexes at 
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37 °C and pH 5.0. The rate of hydrolysis at 37 °C and pH 7.4 of the side groups 

differed widely (from 2 h to 70 h). Two polyplexes based on were almost twice as 

active as pEI based systems. Importantly, all polymers investigated showed a 

substantial lower in vitro cytotoxicity than pEI.  

In Chapter 5 polyplexes composed of plasmid DNA and biodegradable 

polymer (p(DMAEA)phosphazene or pHPMA-DMAE) were evaluated for in vivo 

application. P(DMAEA)phosphazene polyplexes were studied after intravenous 

administration in tumour bearing mice. The polyplex systems showed considerable 

liver and lung disposition. In time, redistribution of the polyplexes from the lung was 

observed and more importantly, p(DMAEA)phosphazene polyplex system showed 

a substantial tumour accumulation of 5% ID/g at 240 min after administration. The 

tumour disposition was associated with considerable expression levels of the 

reporter gene. In contrast to pEI22 polyplexes, p(DMAEA)phosphazene polyplexes 

did not display substantial gene expression in the lung or other organs (organ gene 

expression < 1/100 of tumour gene expression).  

pHPMA-DMAE polyplexes were investigated after intraperitoneal injection into mice 

bearing an ovarian cancer xenograft. Polyplexes based on the polymer pHPMA-

DMAE showed transfection activity similar to polyplexes based on the non-

degradable and rather toxic polymer poly(ethylenimine) (pEI22). Polyplexes based 

on pHPMA-DMAE did not show any cytotoxicity and mediated highest transfection 

activity at the highest N/P ratio investigated. This chapter shows that biodegradable 

polymers have good potential for in vivo delivery of DNA after local and intra 

venous administration.  

Finally Chapter 6 summarizes the results of this thesis and gives 

suggestions for future research. 
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Abstract 

Gene therapy holds a great promise for the treatment of acquired and 

inherited diseases with a genetic origin that are currently incurable. Non-viral gene 

delivery systems are gaining recognition as an alternative to viral gene vectors for 

their potential in avoiding immunogenicity and toxicity problems inherently 

associated with the use of viral systems. Many cationic polymers have been 

studied both in vitro and in vivo for gene delivery purposes. However, in recent 

years there has been a focus on biodegradable carrier systems. The potential 

advantage of biodegradable carriers as compared to their non-degradable 

counterparts is their reduced toxicity and the avoidance of accumulation of the 

polymer in the cells after repeated administration. Also, the degradation of the 

polymer can be used as a tool to release the plasmid DNA into the cytosol. In this 

article the recent results obtained with two classes of degradable gene delivery 

systems, namely those based on water-soluble cationic polymers and on micro- 

and nanoparticles will be summarized and discussed. 
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1. Introduction  

The success of gene therapy largely depends on the availability of suitable 

delivery vehicles. Although viral vectors display rather good transfection properties, 

both in vitro and in vivo, there is a large number of problems associated with the 

use of these vectors [1-3]. These drawbacks include the induction of an immune 

response against the viral proteins, possible recombination with wild-type viruses, 

limitations in the size of inserted DNA, and difficult large-scale pharmaceutical 

grade production [4-8]. Therefore, there is increasing interest in the use of so-

called non-viral gene delivery systems. Two major classes of non-viral systems can 

be distinguished, namely those based on cationic lipids and cationic polymers. 

Frequently studied cationic gene delivery polymers include poly(ethylenimine) 

(pEI), poly(2-dimethylaminoethyl methacrylate) (pDMAEMA), and poly-L-lysine 

(pLL). Their gene binding and condensation capacities as well as their in vitro and 

in vivo transfection properties have been summarized in a number of recently 

published review papers and books [9-15]. These polymers are, however, non-

degradable and there is consequently a risk that accumulation in the body occurs, 

in particular after repeated administration. Further, most of these cationic polymers 

show, depending on their chemical structure and molecular weight, some 

cytotoxicity likely due to adverse interactions with membranes resulting in loss of 

cytoplasmic proteins, in permeabilization of cellular membranes and collapse of the 

membrane potential [16]. Consequently, the use of low molecular weight polymers, 

which can be eliminated via the kidneys, is a logical choice. However, generally 

speaking polyplexes based on the low molecular weight polymers exhibit lower 

colloidal stability than their high molecular weight counterparts. Probably, the low 
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molecular weight polymers have reduced DNA condensation abilities, due to their 

reduced number of electrostatic interactions. Another disadvantage of the use of 

low molecular weight polymers is their marginal transfection properties [16-19].  

Consequently, there is a need for biodegradable gene delivery polymers. 

Clearly, the potential advantages of biodegradable carriers are their reduced 

toxicity (provided that degradation leads to non-toxic products) and avoidance of 

accumulation of the polymer in the cells. Moreover, the degradation of the polymer 

can be used as a tool to release the plasmid DNA into the cytosol. 

In this paper, two classes of degradable systems for gene delivery are 

discussed, namely those based on degradable water-soluble cationic polymers and 

based on degradable polymeric micro- and nanoparticles. The first class concerns 

biodegradable DNA nanoparticles which arise through self-assembling of DNA and 

degradable cationic polymers and the latter class includes biodegradable micro- 

and nanoparticles in which DNA is embedded in a degradable polymer matrix. 

Emphasis is given on the release of DNA from the carrier, transfection activity and 

cytotoxicity of the systems. 

 

2. Polyplexes based on degradable cationic polymers 

The importance of using degradable polymers has been particularly 

recognized during the past years of polymeric gene delivery vector development, 

with the aim to achieve sustained DNA delivery or to control the intracellular 

release of the encapsulated DNA and to excrete the vectors and their degradation 

products from the body afterwards. One approach is the use of cationic polymers 

that degrade and thereby loose their DNA binding properties in time. For this 
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purpose either polymers with (partly) degradable main chains or with degradable 

side chains are used. Sufficiently long lifetime of the carrier, i.e. a few hours, is 

required in order to allow the polymer/DNA complexes to reach the target site 

unaffected after e.g. intravenous administration. However, to deliver and release 

the DNA efficiently into the cells, the carrier should be degraded within one or a few 

days, preferably upon a certain intracellular trigger (pH, redox potential, presence 

of enzymes, etc) [20]. 

In this section, a subdivision is made according to the different classes of 

polymers (see Chart I for an overview of most structural formulas). Mostly, these 

polymers contain hydrolytically sensitive bonds (e.g. esters), but the use of 

disulfide bonds which are cleaved in the reductive environment of the cytoplasm 

has also been reported in some papers. In recent years, many studies have been 

reported in which chitosan, a degradable polymer derived of chitin, which can be 

degraded by chitinase but also by lysozyme, and its derivatives have been 

investigated for gene delivery. These systems are not discussed in detail in this 

paper; the reader is referred to recent review papers [21-23]. 
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CHART I 

2.1. Polyesters 

Water-soluble cationic polyamine polyesters may be potentially very useful 

for the delivery of DNA, since they are able to form polyion complexes with DNA 

and may degrade quite rapidly [24]. Poly(4-hydroxy-l-proline ester) (PHP, Chart I) 

was the first water-soluble poly-cationic biodegradable polymer used as a gene 
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carrier, as reported independently by Park et al. [25] and Langer et al. [26]. MALDI-

TOF mass spectrometry revealed rapid initial degradation of the polymer to less 

than half its molecular weight in less than 2 h (pH 7 and 37 oC). However, due to 

the formation of acid degradation products, its in vitro hydrolysis was slowed down 

after the initial degradation phase by the decreasing pH of the solution and 

complete degradation to the monomeric units took about 3 months. PHP was able 

to bind DNA and to protect it against degradation by nucleases during at least 4 h 

[25]. This indicates that PHP in the complex is not degraded as quickly as when the 

polymer is not bound to DNA. The transfection activity of these polyplexes was 

comparable to that of pLL. Importantly, serum proteins did not influence the 

transfection efficiency of PHP-based polyplexes.  

Poly(γ-(4-aminobutyl)-l-glycolic acid) (PAGA, Chart I) is an amine-

substituted polyester synthesized by Kim et al. [27,28]. PAGA showed a very 

similar degradation behavior as PHP, displaying a rapid initial degradation within 

100 min to one third of the starting molecular weight, followed by a gradual 

hydrolysis to the monomers in 6 months at 37 oC [23]. In line with the results of 

PHP, Kim et al. also observed slower degradation of the PAGA/DNA complex than 

the polymer alone; the complexes were stable for 8 h and dissociated completely in 

one day, a favorable time frame for in vivo gene delivery. As compared with the 

polyamide analogue of PAGA, i.e. pLL, the polyplexes based on this polyester 

showed to a 3-fold higher transfection activity in vitro, displaying no cytotoxicity in 

the concentration range tested, whereas pLL is highly cytotoxic. This result 

illustrates the favorable effect of biodegradability of the carrier. Successful in vivo 

animal studies have been carried out [29,30]. PAGA/pCAGGS mouse IL-10 

complexes were injected into the tail vein of 3-week-old NOD mice. Serum mIL-10 
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level peaked at 5 days after injection, and could be detected for more than 9 

weeks.  

Biodegradable hyperbranched and cross-linked poly(amino esters) (see 

Chart I for general structures) have been developed and used as nonviral carrier 

systems in recent years. These polymers degrade quite slowly, with half-lives 

varying from days to months [31-36]. 
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CHART II 

 

The synthesis of amine-containing polyesters by conjugate addition of 

compounds with primary amines or bis(secondary amines) with diacrylates was 

first reported by Langer et al. [37,38]. They used a combinatorial approach to 

screen a library of more than 2000 poly(β-amino esters) containing tertiary amines 

in the backbones [39-41] (Chart I). A high throughput screening method identified 2 

% of these polymers having equal or higher transfection efficiencies than pEI in 

COS-7 cell line (Figure 1). Two polymers, which are shown in Chart II, gave high 

levels of internalization and were shown to avoid trafficking to acidic lysosomes, 

but the one with the hydroxyl containing side chain was highly cytotoxic while the 

other was not [34]. Only limited degradation studies have been carried out so far 

for this class of polymers; pH dependent half-lives of several hours were reported. 

Feijen et al. and Goh et al. reported the synthesis of hyperbranched poly(ester 
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amines) by conjugate addition of trifunctional amines and diacrylates (see Chart I 

for the general structures). These polymers were stable at pH 5, but degraded 

within a few days at pH 7.4. Their transfection activities were comparable to 

polyethylenimine 25kDa, but these poly(ester amine)s (IC50≥240 µg/mL) were 

significantly less toxic than pEI (IC50=~30 µg/mL) and pDMAEMA (IC50=~40 

µg/mL)[42,43]. Recently, Langer et al synthesized a poly( amino ester) with thiol-

reactive side groups. These polymers were able to condense DNA into polyplexes 

of around 100 nm. Furthermore, their binding ability was substantially reduced 

when the polyplexes were subjected to intracellular concentrations of glutathione, 

which may contribute in the DNA release inside the cell [44]. The corresponding 

polyplexes displayed low cellular toxicity and were able to mediate transfection at 

levels comparable to PEI in human hepatocellular carcinoma cells. Moreover, this 

system also demonstrated targeting potential by attaching a thiolated RGD ligand 

to the polyplexes. 

Christensen et al. prepared polymers by conjugate addition of di-, tri-, and 

tetrafunctional amines with cystamine bisacrylamide (SS-PAEI, Chart I). These 

degradable polymers showed nearly 20 times higher in vitro transfection efficiency 

than polyethylenimine 25k. The high transfection efficiency was maintained in the 

presence of 10% serum [45]. Lin et al. prepared a series of linear bioreducible 

poly(amido amine)s (SS-PAA, Chart I). It was shown that four of the seven 

polymers transfected COS-7 cells, with efficiencies up to 4-fold higher than that of 

polyethylenimine 25kDa, while no cytotoxicty was observed [46].  
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Figure 1. Histogram of polymer transfection efficiencies. 2350 polymers were tested for their ability to 

deliver pCMVluc DNA to COS-7 cells. PEI transfection efficiency is shown for reference.. Under 

optimized conditions, 1 h transfections with PEI produce 6.0 ± 0.2 ng per well. From reference 40. 

 

2.2. Polyurethanes 

Recently, a polyurethane containing poly(ethylene glycol) (pEG) and 

tertiary amines in the backbone as well as tertiary amines in the side chains was 

synthesized (see Chart I). Hydrolytic degradation of the urethane bonds resulted in 

a half live of approximately 2 days at physiological conditions. No significant 
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cytotoxicity was observed for neither the polymer (Mw 12 kDa) nor for the 

corresponding polyplexes, and transfection efficiency was similar to that of 

polyplexes based on the more toxic poly(dimethylaminoethyl methacrylate) 

(pDMAEMA, Mw 350 kDa) [47-48]. Another study revealed that a molecular weight 

of ~60 kDa was optimal for the transfection activity (comparable with pEI). Also this 

polymer exhibited no significant cytotoxicity [49]. 

 

2.3. Polylysine-based degradable cationic polymers 

Poly(L-lysine) (pLL) is one of the polymers that have been thoroughly 

investigated as a non-viral gene delivery vector [50]. However, complexes of this 

polymer and DNA have relatively low transfection activity and a rather high toxicity, 

especially when high molecular weight pLL (Mw 25 kDa) is used. One approach to 

lower the cytotoxicity of pLL is by attaching hydrophobic and biodegradable PLGA 

grafts to the polymer backbone [51]. Park et al. have subsequently attached PEG 

to the termini of PLGA grafts [52,53]. The hydrophobic PLGA grafts aided in DNA 

condensation power and provided a means for sustained zero-order release of 

DNA over a period of 6 weeks in vitro. 

Bikram et al. developed multiblock copolymers composed of low molecular 

weight alternating pLL and pEG blocks connected to each other by hydrolyzable 

ester bonds (PEG-PLL, Chart I). Furthermore, histidine groups were conjugated to 

part of the lysine units to provide endosomal escape properties. The polymers (Mw 

around 30 kDa) showed half-lives of ~5 h at physiological conditions, but despite 

that, polymer/DNA complexes were stable for up to 6 days. The polymer/DNA 

complexes showed 6-fold higher transfection activity than pLL based systems and 
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no significant cytotoxicity whereas pLL is highly cytotoxic. A biodistribution study 

revealed that these polymer systems remained in the circulation up to 3 days post-

tail vein injection [54,55]. 

 

 

 

Figure 2. Formation of peptide DNA condensates. Short polylysine peptides containing multiple Cys 

residues bind to plasmid DNA and spontaneously polymerize through disulfide bond formation resulting 

in stable peptide DNA condensates. From reference 56. 

 

In another approach, McKenzie et al. used the reductive intracellular 

environment as a tool to degrade polyplexes based on lysine residues [56]. For 

that purpose, lysine oligomers with or without histidine residues were terminated on 

both ends by cysteine residues. After complexation with DNA, these oligomers 
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spontaneously linked by covalent disulfide bonds (Figure 2), thus stabilizing the 

complexes and enhancing gene expression. The histidine residues were shown to 

provide buffering capacity to further enhance endosomal escape and in vitro gene 

expression. It is assumed that the disulfide bonds are reduced by high intracellular 

concentrations of glutathione, thus destabilizing the complexes and releasing the 

DNA, as has been discussed by Kataoka, who investigated disulfide cross-linked 

polyion complex micelles of pEG-pLL and DNA [57].  

 

2.4. Poly(ethylene imine)-based degradable cationic polymers 

One of the most potent polymers for gene delivery at present is 

poly(ethylene imine) (pEI).This polymer was first described for gene delivery 

purposes by Behr et al. [58]. PEI with a molecular weight of 25 KDa (25K pEI) 

displays a high transfection efficiency, probably due to efficient endosomal escape, 

but also considerable toxicity, whereas low molecular weight (LMW) pEI is less 

toxic but shows almost no transfection [59,60]. Therefore, several investigators 

synthesized (highly) branched polymers constisting of LMW pEI and degradable 

cross-links. Lee et al. cross-linked LMW pEI with disulfide bridges using 

dithiobis(succinimidylpropionate) (DSP) and dimethyl 3,3’-dithiobispropionimidate 

(DTBP) as cross-linking agents (Chart I). The cross-linked PEI mediated gene 

expression 2-fold less efficiently than PEI 25 kDa, but exhibited less toxicity to 

cultured cells [61]. 

In another approach, Kim et al. cross-linked LMW pEI with bifunctional 

pEG containing ester linkages. Indeed, these polymers showed reduced 

cytotoxicity (80% cell viability) as compared to 25K pEI (40% cell viability) , and a 
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3-fold higher transfection efficiency with respect to LMW pEI but not yet as high as 

25K pEI [62]. Kissel et al. obtained similar results using LMW pEI cross-linked with 

degradable oligo(L-lactic acid-co-succinic acid). However, the presence of amide 

cross-links in the latter polymer resulted in a quite slow degradation process, i.e. 

reduction to half of its initial MW occurred in 1.5 months at physiological pH [63]. In 

contrast, LMW pEI connected via ester bonds using 1,3-butanediacrylate or 1,6-

hexanediacrylate cross-linkers degraded at physiological conditions with half-lives 

of 4 h and 30 h, respectively, although polyplexes based on both polymers were 

still able to retain the DNA after 24 h. The cytotoxicity of these polyplexes was 

significantly reduced (cell viability around 85%) as compared to those based on 

non-degradable 25K pEI (cell viability 50%) in C2C12 cells, whereas the 

transfection efficiencies were 2- to 16-fold higher as compared to 25K pEI [64]. 

Kloeckner et al. recently demonstrated that the reaction temperature of the Michael 

addition between LMW pEI and 1,6-hexanediacrylate is very important for the 

properties of the synthesized polymer. Higher reaction temperatures lead to higher 

amide/ester ratios and thus to higher degradation half-lives [65]. Cho et al. 

synthesized a degradable polymer using LMW pEI and PEGdiacrylate (PEI-alt-

PEG, Chart I). The degradation time of these polymers were comparable to other 

diacrylate polymers [37]. These polymers (Mw 13 kDa) exhibited low cytotoxicity 

and enhanced gene transfer efficiency in HepG2 and MG63 cells as compared to 

pEI 25 kDa [66]. Cho et al. recently synthesized a degradable polymer via Michael 

addition of LMW pEI and polycaprolactone diacrylate. These polymers degraded in 

a controlled manner (the half-life was 4.5–5 days at pH 7.4 and 37 °C) and showed 

no toxicity in three different cells (293T, HepG2 and HeLa). The highest reporter 

gene expression was observed for pCL/pEI-1.2 (MW 1200) complexes having an in 
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vitro transfection activity 15–25 fold higher than pEI 25K based systems [67]. 

These pCL/pEI-1.2 complexes were also capable of transfecting cells in vivo after 

pulmonal administration in the form of an aerosol [67]. 

Kim et al. crosslinked LMW pEI with glutardialdehyde. The resulting high 

molecular weight polymer (13–23 kDa) was acid labile as evidenced from a half-life 

of 2.5 h and 118 h at pH 5.4 and pH 7.4, respectively. The cytotoxicity of the acid 

labile pEI was lower than pEI 25 kDa. However, the transfection levels were also 

lower [68]. Wang et al. reported the synthesis of a cationic pEI-based polymer in 

which LMW pEI chains were linked by difunctionalized cyclodextrin. This polymer 

(PEI600-CyD, 61 kDa) had a half-life of a month at 37 °C in a pH 7.0 PBS buffer. 

At a concentration of 1 µM, cell viability was 75% in C17.2 mouse neurons and 

100% in NT2 human neurons when PEI600-CyD was used, whereas no viable 

cells were observed in the PEI 25 kDa groups, while the transfection activity of both 

systems was comparable [69]. 

PEI grafted with degradable pEG-poly(ε-caprolactone) block copolymers 

(Mw 10-90kDa) also showed reduced cytotoxicity, owing to the pEG coat which 

reduces the surface potential of the polyplexes [70]. The transfection efficiency of 

polyplexes based on these polymers was highly dependent on polymer 

composition, and some of the polyplexes showed transfection efficiencies that were 

comparable with those based on 25K pEI. 
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2.5. Phosphor-containing polymers 

The class of phosphor-containing polymers includes the fully degradable 

poly(phosphazenes) (PPZ), poly(phosphoesters) (PPE) and 

poly(phosphoramidates) (PPA) (Chart I). The latter polymers with (methyl-

)aminoethyl, aminohexyl or spermidine side chains were obtained by ring opening 

polymerization and subsequent derivatization of 4-methyl-2-oxo-2-hydro-1,3,2,-

dioxaphospholane [71-73]. These polymers (Mw 10-40 kDa) degrade into the non-

toxic degradation products isopropylene glycol, phosphate, and the corresponding 

aminoalcohols/spermidine. Reduction to half of the initial molecular weights took 

approximately 4 and 20 days at physiological conditions for the aminoethyl (AE) 

and aminohexyl (AH) PPE’s, respectively. Accordingly, complete DNA release from 

the AE-PPE polyplexes was observed after 4 to 9 days depending on the 

polymer/DNA ratio, while AH-PPE showed no release of DNA for up to 30 days. 

The transfection efficiencies of AE-, AH- and spermidine-PPE based polyplexes 

were about two or three orders of magnitude higher than pLL-mediated 

transfection, but in general not as high as for pEI based systems. Chloroquine was 

required to induce endosomal escape, indicating that this step is rate limiting due to 

the absence of buffering capacity for the PPE’s. Remarkably, the PPE containing 

the secondary methyl-aminoethyl (MAE) side chains showed complete DNA 

release within 12 h, while the main chain of PPE degraded at a much slower rate 

than the polymers containing the primary amines. In vitro cellular uptake of DNA 

and transfection levels were very low for MAE-PPE. Therefore, it was suggested 

that very rapid side-chain degradation predominated in the latter polymer, causing 

DNA to be released before cellular uptake. However, in vivo experiments 

(intramuscular injection of DNA in mice) revealed the opposite. While MAE-PPE 
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showed a sustained 1.5-2 fold higher luciferase gene expression than naked DNA, 

AH-PPE showed a delayed and lower gene expression [72]. Reasons for this 

remarkable behavior are unclear, yet. 

PPZs (Chart I) are a class of polymers that degrade to ammonium 

phosphate. They can be synthesized by ring opening polymerization of 

hexachlorocyclotriphosphazene and subsequent derivatization. In this way, 

polymers were prepared with dimethylaminoethyl side chains connected to the 

backbones either by an oxygen (DMAE-PPZ) or a nitrogen (DMAEA-PPZ) atom 

(Mw 100 kDa and 300 kDa, respectively) [74]. The corresponding polyplexes 

showed lower cytotoxicity and comparable in vitro transfection efficiencies, even in 

the presence of serum, as compared to the reference polymer 

(poly(dimethylaminoethyl methacrylate), pDMAEMA). Degradation of the polymers 

occurred by acid catalyzed hydrolysis and the rates are comparable to those of the 

above mentioned PPE’s: DMAE-PPZ and DMAEA-PPZ had half lives of 7 and 24 

days, respectively, at physiological conditions. Successful in vivo animal studies 

have been carried out recently with DMAEA-PPZ [75]. DMAEA-PPZ showed a 

substantial tumour accumulation of 5% ID/g at 240 min after administration. The 

tumour disposition of the DMAEA-PPZ polyplexes was associated with 

considerable expression levels of the reporter gene. DMAEA-PPZ polyplexes did 

not display substantial gene expression in the lung or other organs (organ gene 

expression <1/100 of tumour gene expression, Figure 3). 
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Figure 3. Luciferase expression 24 hrs after i.v. administration of p(DMAEA)-ppz and PEI22 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) From reference 75. 

 

2.6. Polymers with degradable side chains 

Recently, several papers have been published where polymers with non-

degradable but biocompatible main chains were derivatized with cationic groups 

via hydrolyzable linkers. In these polymers hydrolysis is used as a DNA release 

tool rather than a tool to circumvent bioaccumulation after repeated administration. 

These polymers are able to bind and condense DNA into small sized polyplexes. 

Once incubated at physiological conditions, these polyplexes destabilized due to 

hydrolysis of the cationic side groups resulting in release of intact DNA. The first 

37 



example is a homopolymer of poly(N-2-hydroxypropyl methacrylamide) (pHPMA) to 

which dimethylaminoethyl units were connected via a carbonate ester (pHPMA-

DMAE) [76] (Chart I). The final degradation product pHPMA is a well-known 

polymer in the drug delivery field displaying good biocompatibility [77]. The 

monomer and polymer degradation was strongly pH dependent; half live times of 

the monomer were 380 h and 9.6 h at pH 5 and 7.4, respectively, and, in 

accordance to these results, half of the DMAE units were removed in 12 h at pH 

7.4. These degradation kinetics are highly favorable for DNA delivery, since at 

physiological pH the live times are sufficiently long to allow polyplex uptake by the 

target tissues and cells, yet enabling DNA release once inside the cells, while 

degradation is temporarily retarded at endosomal pH to allow intact delivery in the 

cellular cytoplasm after endocytosis. It was indeed shown that the size of the 

polyplexes increased gradually over a period of 12 h at pH 7.4, finally releasing the 

DNA after 48 h, while the polyplexes were very stable at pH 5. Transfection 

efficiency of polyplexes in the presence of the endosomal destabilizing peptide 

INF-7 was comparable with polyplexes based on the reference polymer pDMAEMA 

in the absence of INF-7, indicating that endosomal escape was the rate limiting 

step. The polyplexes hardly showed any cytotoxicity in the concentration range 

tested. A drawback of pHPMA-DMAE is that its polyplexes only displays 

transfection activity in vitro in the absence of serum (Figure 4). 
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4A 4B 

Figure 4. (A) Transfection activity and cell viability of the polyplexes in the presence of serum (5%) and 

in the presence of INF-7 peptide. Values are relative to pDMAEMA/plasmid DNA 3:1 (w/w). β-

Galactosidase activity was determined using ONPG as substrate. The transfection activity and cell 

viability of 25 kDa branched pEI-based polyplexes in the presence of serum (5%) are also shown. (B) 

Transfection activity and cell viability of the polyplexes in the absence of serum and in the presence of 

INF-7 peptide. Values are relative to pDMAEMA/plasmid DNA 3:1 (w/w). β-Galactosidase activity was 

determined using ONPG as substrate. From reference 78. 

 

Recently, a series of such HPMA-based polymers was synthesized and 

tested for transfection activity (Mw 25-100 kDa) [78]. Polyplexes of the polymers 

pHPMA-DEAE and pHPMA-MPPM (Chart I) showed a two-fold higher transfection 

activity than pEI and pDMAEMA based systems also in the presence of serum and 

they were less cytotoxic than the non-degradable polymers (Figure 4). These 

pHPMA polymers were also studied as degradable DNA vectors in ovarian 

carcinoma bearing mice [79]. Polyplexes based on pHPMA-DMAE showed 

transfection activity similar to polyplexes based on the linear polymer pEI22. This in 

vivo transfection activity of pHPMA-DMAE is remarkable considering the low in 
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vitro transfection capacity of pHPMA-DMAE polyplexes. The interaction of the 

polyplexes with hyaluronic acid, a polyanion present in the peritoneal fluid of 

ovarian cancer bearing mice, affected the surface properties of both carrier 

systems and impaired the transfection activity of pEI22 polyplexes but not of 

pHPMA-DMAE polyplexes. Likely, differences of the polyplexes in HA-resistance 

have contributed to the observed in vitro/ in vivo discrepancy. 

Delair et. al. reported on a copolymer of DMAEMA with the 3-imidazol-1-yl-

propionic acid ester of hydroxyethyl methacrylate (IPEMA) (Mw 100-200 kDa) [80]. 

The latter comonomer contains a hydrolyzable ester bond between the imidazole 

and the methacrylate unit (Chart I). The imidazole units provide the polymers with 

buffering capacity to promote endosomal escape. It was shown for a copolymer 

with an IPEMA content of 59% that 76% of the imidazole moieties were lost in 

about 10 days incubation at physiological conditions. Although agarose gel 

electrophoresis and ethidium bromide displacement proved efficient DNA binding 

to the copolymers, only very low transfection efficiencies were observed. 
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3. Biodegradable micro- and nanoparticles for plasmid DNA delivery 

 

3.1. General considerations  

The previous section describes biodegradable DNA nanoparticles which 

arise through self-assembling of DNA and degradable cationic polymers. This part 

reviews on biodegradable micro- and nanoparticles in which DNA is embedded in a 

degradable polymer matrix (hereafter termed as ‘DNA matrix particles’).  

Several groups reported on biodegradable DNA microparticles for 

extracellular release of naked DNA [81-83]. Sustained delivery of DNA in the 

extracellular matrix of the target tissue should prolong the duration of DNA 

expression due to a continuous DNA uptake by the target cells. Also, compared to 

intravenous injection of DNA, local delivery should increase the amount of DNA 

retained within the tissue, thus reducing the amount of DNA to be injected. 

Although naked DNA can transfect muscle cells [84,85], considering the rapid in 

vivo degradation and the inefficient cellular uptake of naked DNA one could 

wonder, however, whether sustained extracellular release of naked DNA makes 

sense.  

Biodegradable micro- and nanoparticles which release the DNA after 

cellular uptake are an important challenge and became widely investigated. As 

there is experimental evidence that microparticles larger than 1 µm are internalized 

through phagocytosis preferentially by antigen presenting cells (APCs, such as 

macrophages and dendritic cells), but not by other cells, biodegradable DNA 

microparticles became especially investigated for (DNA) vaccination purposes 

against viruses and tumours as APCs play a pivotal role in initiating of immune 

41 



responses. As there is a high risk that the DNA in endocytosed microparticles 

becomes finally delivered in lysosomal compartments, major studies are ongoing 

aiming to develop biodegradable particles which escape in time from the 

endosomes and which deliver their DNA payload in the cytosol. Concepts and 

materials studied to achieve cytosolic delivery are discussed below. 

Independent on whether the DNA particles have to release DNA extra- or 

intracellularly, and independent on whether they are micron- or nanosized, to make 

a chance as DNA carrier the particles should fulfil some basic requirements. (1) 

Considering the low transfection efficiency of DNA, the particles should be able to 

carry a high amount of intact DNA. Detrimental conditions during particle formation 

(like polymerization reactions involving free radicals, sonication to form the 

emulsion) and drying of the formulation (an absolute request when considering 

degradable particles) should be avoided as they may degrade the DNA. (2) In vivo, 

the polymer matrix should protect the encapsulated DNA against nucleases as it is 

well known that, even within minutes of exposure to serum, plasmid DNA breaks 

down rapidly. However, generally speaking, most types of biodegradable DNA 

particles adequately protects DNA in vivo. (3) To avoid DNA loss, the burst release 

from the particles should be as low as possible.  

This section especially compares loading and release features of some 

major classes of biodegradable DNA matrix particles. The first class concerns the 

poly(lactic-co-glycolic acid) (PLGA) micro- and nanoparticles which are the most 

studied biodegradable DNA matrix particles (section 3.2) [86]. PLGA is FDA 

approved, GMP grade PLGA is commercially available, it has a long history of safe 

use in both medical applications (like implants, internal sutures) and drug delivery 

(like peptide and protein delivery), all features which makes PLGA attractive to 
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many researchers involved in DNA delivery. It should be noticed however, that 

PLGA was not really designed for the delivery of DNA. PLGA shows, indeed, 

several drawbacks for DNA delivery. First, because of the large size and 

hydrophilic character of DNA, encapsulation of plasmid DNA in hydrophobic PLGA 

microspheres is a challenge. Second, it is well known that the hydrolysis of PLGA 

may substantially decrease the pH in PLGA microspheres, potentially resulting in 

DNA degradation [87,88], although, basic additives like Mg(OH)2 and Ca(OH)2 

encapsulated in the PLGA microspheres may overcome this [89]. Third, the rate of 

DNA release is often too slow, and thus also subsequent antigen production in 

case of DNA vaccination, which may prevent an optimal immune response. Given 

the limitations of PLGA microparticles for DNA delivery there is a clear need for 

developing new types of biodegradable micro- and nanoparticles, discussed in 

section 3.3, which should fulfil the following requirements. (1) The degradation of 

the matrix particles should not generate any hostile (such as acidic) internal 

environment. (2) They should allow both an efficient and high incorporation of 

plasmid DNA. (3) They should be relatively stable at neutral pH but hydrolyse 

rapidly around pH 5 being the pH inside the phagosomal compartment of the 

APCs. This would minimize premature release in the blood and interstitial tissue 

space while accelerating DNA release inside the cells. It should be remarked that 

once the DNA-loaded particles are degraded in the phagosomal compartment, the 

DNA should be released in its intact form in the cytoplasm and transported into the 

nucleus.  
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3.2 PLGA micro- and nanoparticles containing plasmid DNA  

 

3.2.1 Preparation of plasmid DNA loaded PLGA particles 

Approaches for encapsulating plasmid DNA within PLGA microspheres 

have been the spray-drying [65] and, especially, the double emulsion (water-oil-

water) technique [75, 81, 90-92]. Originally the encapsulation of plasmid DNA in 

PLGA microparticles by the double emulsion method was problematic as the DNA 

loading was as low as 1–2 µg/mg PLGA [81]. Tinsley et al. [93] succeeded in 

optimizing the double emulsion process by changing the organic solvent from 

dichloromethane to ethyl acetate and optimising various process parameters. Also, 

the Alonso group reported on optimized techniques (water-oil-water 

emulsion/solvent evaporation technique as well as a water-oil emulsion/solvent 

diffusion technique) to produce (pegylated) PLGA nanoparticles (smaller than 300 

nm) highly loaded with plasmid DNA (upto 10-12 µg plasmid DNA/mg polymer with 

high encapsulation efficiencies between 60 and 90% [94]).  

Inactivation of the plasmid DNA during encapsulation by the double 

emulsion method was addressed by Ando et al. [95] who proposed a 

cryopreparation technique in order to prevent the exposure of the plasmid DNA to 

shear forces. To overcome plasmid DNA degradation, O’Hagan et al. [96] used 

PLGA microparticles that showed a positive surface charge through the inclusion of 

cationic surfactants DOTAP. After preparing the positively charged PLGA 

microparticles the plasmid DNA was then adsorbed in an efficient way (loading 

efficiency between 60 and 90%) onto the surface of the particles. Although in this 

way the plasmid DNA may indeed be better protected during the preparation of the 
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particles, one should note that in vivo DNA associated to the surface may become 

more easily degraded and may result in a significant burst release as indeed 

observed in in vitro experiments by Singh et al. [89]. 

 

3.2.2 Enhancing the loading of PLGA particles with plasmid DNA 

The encapsulation of plasmid DNA in PLGA is rather problematic, often as 

low as a few µg/mg polymer [81]. Several attempts have been reported to enhance 

the loading of PLGA particles with DNA. Merkle et al. showed that the 

hydrophobicity and the molecular weight of the PLGA have a profound influence on 

the encapsulation efficiency, the hydrophilic polymers showing higher 

encapsulation efficiency [97]. Another approach made use of PLA grafted onto 

cationic polysaccharides or polymers facilitating the adsorption of the negatively 

charged DNA [98,99]. Rather similar to the approach of the O’Hagan et al. [95], 

Kusonwiriyawong et al. [100] prepared cationic PLGA microparticles by dissolving 

cationic surfactants (like water insoluble stearylamine) in the organic solvent in 

which the PLGA was also dissolved. The loading efficiency for these microparticles 

was between 50 and 100%, while that for stearylamine-free microparticles was 

significantly lower, with a loading efficiency of only 0–12%. Another strategy was to 

reduce the negative charge of plasmid DNA by condensing it with poly(aminoacids) 

(like poly-L-lysine) before encapsulation in PLGA microparticles [101-103]. The 

step of DNA complexation with poly-L-lysine indeed significantly enhanced the 

DNA encapsulation efficiency (75/85 % loading). A similar approach, using 

poly(ethyleneimine), chitosan or pDMAEMA has been reported for loading PLA 

particles with DNA [104-108]. Concerning poly(ethyleneimine), pDNA release rates 
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were significantly faster for linear PEI-PLGA particles, releasing 60% of the 

surface-loaded DNA within 3 weeks while only 28% was released from the surface 

of 25 kDa branched PEI-PLGA particles and about 20% from the 70 kDa branched 

PEI-PLGA conjugated microparticles (Figure 5). 

 

Figure 5. Release profiles of plasmid DNA loaded on branched and linear PEI conjugated PLGA 

microparticles at pH 7.2 and 37 °C. From reference 106. 

 

3.2.3 Accelerating the release of plasmid DNA from PLGA particles 

Generally speaking, after an initial burst release, plasmid DNA release 

from PLGA particles occurs slowly during several days/weeks [75, 87, 89, 93]. It is 

believed that the degradation of the PLGA particles, through a bulk homogeneous 

hydrolytic process, determines the release of plasmid DNA. Consequently it can be 

expected that using more hydrophilic PLGA not only improves the encapsulation 

efficiency of DNA, but also results in a faster release of plasmid DNA, as indeed 

observed by Kusonwiriyawong et al. [93] and Tinsley et al. [86], amongst others. 
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Besides the copolymer composition of the PLGA (LA versus GA content), many 

other factors, like PLGA molecular weight [93], particle size and morphology, have 

been reported to influence the release. E.g. Alonso et al. [87] reported that plasmid 

DNA release kinetics depended on the plasmid incorporation technique: 

nanoparticles prepared by the water-oil emulsion/diffusion technique released their 

content rapidly whereas those obtained by the water-oil-water emulsion method 

showed an initial burst followed by a slow release for at least 28 days.  

As discussed under 3.1 the rate of DNA release from conventional PLGA 

particles is mostly too slow to induce immune responses as (1) the amount of 

plasmid DNA immediately available after cellular uptake by APCs is too limited and 

(2) plasmid DNA released after days/weeks from the particles may be significantly 

damaged due to the acid microenvironment in PLGA particles. Therefore, several 

groups tried to develop PLGA formulations which should rapidly release plasmid 

DNA in a biologically active form. The strategy of the O’Hagan lab [89], which 

involved the adsorption of plasmid DNA at the surface, rather than entrapping the 

plasmid DNA in the PLGA particles (see under 3.2.1) resulted in a substantial 

faster release: in vitro experiments showed that 35% was released at day 1, 

however, it still took 14 days to release 75% of the adsorbed plasmid DNA [89]. 

Recently Langer et al. [109,110] reported on plasmid DNA encapsulated in hybrid 

microparticles consisting of a mixture of PLGA and a biodegradable poly-β amino 

ester (PBAE, Chart III). The PBAE’s they studied showed a half-life of a couple of 

hours, and degraded faster at pH 7 than at pH 5 [111]. The hybrid PLGA/PBAE 

microparticles were prepared by the double emulsion method as conventional 

PLGA microparticles. The incorporation of PBAE (15 to 25%) did neither alter the 

structure nor the loading of the PLGA particles, but significantly altered the release 
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rate: microparticles prepared from PBAE had the ability to rapidly release their 

content, also when exposed to acidic endosomal pH [112]. A substantial increase 

in in vitro gene transfection of macrophages (upon 3 to 5 orders of magnitude) 

upon adding PBAE to the PLGA microparticle formulations was observed. Besides 

the fast plasmid DNA release it was also speculated that PBAE should be able to 

absorb protons in the endosomes during phagosomal acidification and thus may 

provide a means of phagosomal escape by osmotic membrane disruption using a 

proton sponge like mechanism. Recently, Csaba et al. reported a PLGA-

poloxamer/poloxamine system with improved release properties [113,114], which 

was explained by a stronger matrix hydration because of the presence of the 

hydrophilic poloxamer. Another method to enhance the release rate of DNA was 

recently published by Langer et al. [115]. They entrapped DNA in nano and 

microparticles composed of a PLA - poly(anhydride) copolymer. Due to the less 

hydrophobic nature of the polymer, a faster degradation and DNA release was 

observed for these co-polymers as compared to PLA particles, which resulted in a 

2-fold increase in transfection activity. 
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3.3 Plasmid DNA containing micro- and nanoparticles which degrade fast in 

endosomes  

The drawbacks of conventional PLGA particles for plasmid DNA delivery 

encouraged some groups, rather recently, to search further for better alternatives. 

Most of them especially tried to overcome the too slow release of plasmid DNA 

from PLGA particles by developing particles which retain the plasmid DNA at 

neutral pH but which show fast and complete plasmid DNA release at lysosomal 

pH. 

  

3.3.1 Microparticles having acetal cross-linkers  

The Fréchet group reported on plasmid DNA encapsulated into acrylamide 

based particles having an acid-cleavable bisacrylamide acetal cross-linker [116] 

(Chart III). The microparticles were also studied for intracellular protein and antigen 

delivery [117-119]. The plasmid DNA loading equalled 0.88 µg/mg polymer while 

the encapsulation efficiency was around 40%. Although the microparticles were 

prepared via radical polymerization in an inverse emulsion system, the plasmid 

DNA remained unchanged during the polymerization procedure, although the 

tertiary structure was affected as most of it turned into the open circular form. 

Retention of the DNA payload at pH 7.0 (as the pores in the microparticles are 

small enough to keep the plasmid DNA encapsulated) with complete release in 

only 2 hours at lysosomal pH was indeed demonstrated (Figure 6). The plasmid 

DNA was physically (not electrostatically) encapsulated in the cross-linked 

microparticles without the use of polycations, which is a clear advantage as 
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polycations are often cytotoxic due to interactions with oppositely charged 

biomolecules such as proteins.  

 

 

Figure 6. pH dependent release of plasmid DNA from acetal cross-linked microparticles at 37 °C. From 

reference 116. 

 

3.3.2 DNA containing poly(ortho-ester) microparticles  

Wang et al. [120] reported on biodegradable poly(ortho-ester) (POE) 

microparticles loaded with plasmid DNA which were prepared by the double 

emulsion method. POEs are interesting as the ortho-esters bond in the polymer 

backbone are relatively stable at physiological pH but hydrolyse rapidly at around 

pH 5 [121]. POEs, since long time under investigation as biodegradable materials 

for controlled delivery of (protein) drugs, are synthesized by condensation 

copolymerization of a diketene acetal and diols which forms the hydrolyzable ortho-

ester backbone of the polymer (Chart III). In contrast to polyesters of the PLGA 

family, which undergo bulk erosion, POEs show a predominantly surface-confined 

erosion process. Therefore, small quantities of acid hydrolysis products of POEs 
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are able to diffuse away, potentially minimizing DNA degradation, especially 

advantageous when using larger microparticles. At pH 7.4 a small initial burst of 

DNA release from POE microparticles was observed and the total amount of DNA 

released after one week was about 30%. In contrast, at pH 5.0 rapid degradation of 

the POE particles occurred and the entrapped plasmid DNA was released in 24 

hours and was still intact. In vivo studies in mice showed that plasmid DNA loaded 

POE microparticles were able to both generate immune responses (after single 

vaccination with the β-gal encoding plasmid as a model) as well as to suppress the 

growth of tumour cells which make them very attractive for further studies [122]. 

 

4. Concluding remarks 

The use of biodegradable polymers for gene delivery has gained 

increasingly interest during the past 5-10 years. The advantages that are now 

becoming most obvious are their low or even absent cytotoxicity of the polycations, 

typically being applicable to almost all of the systems described above, and the 

prevention of polymer accumulation in the body. Cytotoxicity has been one of the 

most important drawbacks of the high molecular weight polycations used in gene 

delivery to date (e.g. pLL, pEI, pDMAEMA). Besides, the capability to release the 

DNA upon degradation of the carrier has been shown in several studies, allowing 

controlled intracellular delivery of the DNA. PEI-based polymers with degradable or 

reducible linkers are very promising, because polyplexes based on these polymers 

show up to 20 times higher transfection activity than pEI polyplexes. However, no 

in vivo data and targeting strategies have been reported yet, but these items will 

probably be studied and reported in the near future. The PPZ and PPA/PPE 
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polymers have the advantage of being fully degradable and they can easily be 

tailored for targeting strategies. Another plus for these polymers is their reported in 

vivo transfection efficiency. Drawbacks are the relatively slow degradation of these 

polymers and rapid blood clearance. The major disadvantage for the polymers with 

degradable side chains is the need for a membrane destabilizing peptide to be 

effective. The potential advantage of these polymers is the pH triggered release of 

DNA. Biodegradable DNA microparticles are very promising for (DNA) vaccination 

purposes against viruses and tumours. These particles are selective for APCs, 

which play a pivotal role in initiating immune responses. The most common 

degradable particles are based on PLGA, which has been shown to cause some 

drawbacks, although progress has been made. The challenge in design lies in the 

improvement of the release rate of intact DNA from the particles. 

The major intracellular barriers yet to be overcome are sustained and 

controlled gene expression and endosomal escape, which can be effectuated by 

adding e.g. buffering elements or membrane destabilizing peptides, and by nuclear 

localization [123]. Especially the latter requirement has been underexposed so far 

in the investigations towards further optimizing gene delivery using biodegradable 

polymeric vectors. Until recently the main focus was on the delivery of the DNA, but 

now sustained and controlled gene expression is becoming increasingly important 

[123]. Recently, there is a strong interest in the delivery of siRNA [124-126]. 

Cationic lipids and non-degradable polymers investigated for the DNA delivery 

have also successfully been applied for the delivery of siRNA delivery. As a 

consequence, the biodegradable polymers and particles described in this review 

are also excellent potential candidates for the intracellular delivery of siRNA 

therapeutics, due to their low cytotoxicity. 
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Abstract 

Polyphosphazenes bearing cationic moieties were synthesized from 

poly(dichloro)phosphazene, which in turn was obtained by thermal polymerization 

of hexachlorocyclotriphosphazene in 1,2,4-trichlorobenzene. Next, either 2-

dimethylamino-ethanol (DMAE) or 2-dimethylaminoethylamine (DMAEA) side 

groups were introduced by a substitution reaction. The polymers were purified by 

dialysis against water and THF, lyophilized and evaluated as polymeric 

transfectants. The polyphosphazenes were able to bind plasmid DNA yielding 

positively charged particles (polyplexes) with a size around 80 nm at a 

polymer/DNA ratio of 3:1 (w/w). The polyphosphazene-based polyplexes were able 

to transfect COS-7 cells in vitro with efficiency comparable to a well-known 

polymeric transfectant (poly(2-dimethylaminoethyl methacrylate), pDMAEMA). The 

toxicity of both polyphosphazenes was lower than pDMAEMA. The transfection 

efficiency for the poly(DMAE)phosphazene-based polyplexes was about three-fold 

higher in the absence of serum than in the presence of 5.0 % fetal bovine serum. 

This is probably caused by unfavorable interactions of the polyplexes with serum 

proteins. In contrast, the poly(DMAEA)phosphazene-based polyplexes showed a 

three-fold lower transfection activity in the absence of serum. For this system, 

serum proteins likely masked the toxicity of the polyplexes, as shown by the XTT 

cell viability assay and confocal laser scanning microscopy studies. Preliminary 

degradation studies indicate that the polymers were indeed degradable. The half-

life at pH 7.5 and 37 °C was around 7 days for poly(DMAE)phosphazenes and 24 

days for poly(DMAEA)phosphazenes. This study shows that polyphosphazenes 

are a suitable and promising new class of biodegradable polymeric carriers for 

gene delivery. 
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1. Introduction  

Gene therapy is proposed to treat diseases originating from inherited 

genetic deficiencies like cystic fibrosis, as well as for acquired genetic disorders 

such as cancer, cardiovascular diseases and rheumatoid arthritis [1,2]. In order to 

express the exogenous gene, the DNA must be delivered into the nucleus of the 

target cell. Since DNA is a large hydrophilic molecule with an overall negative 

charge, it does not easily pass cellular membranes [3]. Furthermore, DNA has to 

be protected from degradation by deoxyribonucleases (DNases). Therefore, to 

obtain acceptable gene expression levels, the use of a carrier is required to bring 

the plasmid into the target cell.  

The gene carriers under present investigation include viral and non-viral 

systems. Viral vectors, such as retroviruses, adenoviruses and adeno-associated 

viruses, show efficient gene transfer both in vitro and in vivo [4-7]. However, some 

severe disadvantages are associated with the use of these systems, such as 

recombination with wild-type viruses, induction of an immune response against the 

viral vector, especially after repeated administration, random DNA insertion and 

size limitations of the DNA [8-11]. To overcome these problems, cationic lipids and 

cationic polymers have been proposed as non-viral carrier systems [12-18]. 

Suitable polymeric transfectants have to meet the following requirements. First of 

all, the polymers have to be able to bind to the DNA and to condense the DNA into 

small particles, called polyplexes. Therefore, the polymers have to be positively 

charged under physiological conditions. Secondly, the polyplexes have to be able 

to target a specific cell. Targeting can be accomplished by the coupling of a so-

called homing device, like galactose [19] or folate [20,21] at the surface of the 

polyplex. Thirdly, polyplexes enter the cell via endocytosis, after which endosomal 
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escape is a requirement in order to prevent lysosomal degradation [22,23]. 

Fourthly, the polymers should be biocompatible and preferably biodegradable in a 

controlled way to yield harmless degradation products.  

Known polymeric transfectants, like polyethylenimine (pEI), poly(2-

dimethylaminoethyl methacrylate) (pDMAEMA) and poly-L-lysine (pLL), are either 

non-biodegradable (pEI and pDMAEMA) or show low transfection activity (pLL) 

[3,24,25]. Therefore, in recent years, there have been considerable efforts to 

design biodegradable polycations that can be used as synthetic DNA carriers. To 

illustrate this, biodegradable polymers, such as poly[α-(4-aminobutyl)-L-glycolic 

acid], poly(2-aminoethyl propylene phosphate) and biodegradable copolymers of 

pEI have been reported to mediate gene transfection in vitro [26-29]. The 

advantages of a biodegradable carrier are the lack of intracellular accumulation of 

the polymer and that the degradation of the polymer can be used as a tool to 

release the plasmid DNA into the cytosol. 

Poly(organo)phosphazenes, because of their biodegradability and 

versatility in terms of chemical and physical properties, have been investigated for 

different biomedical and pharmaceutical applications [30-34]. Polyphosphazenes 

also have attractive features, which can be exploited for the design of gene 

delivery carriers. These include the controlled degradation of the polymer and the 

wide choice of side groups (such as cationic, hydrophobic, hydrophilic), which can 

be introduced. The aim of this study is to investigate whether 

poly(organo)phosphazenes are potentially suitable for gene delivery. Therefore, 

two poly(organo)phosphazenes with different cationic side groups were 

synthesized, characterized and evaluated in vitro for their transfection capabilities.  
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2. Materials and methods 

 

2.1. Materials 

Hexachlorocyclotriphosphazene (NPCl2)3 (99.99+ %), sulfamic acid (99+ 

%), calcium sulphate dihydrate, 1,2,4-trichlorobenzene, 2-dimethylaminoethanol 

and 2-dimethylaminoethylamine were purchased from Aldrich (Zwijndrecht, The 

Netherlands) and were used as received. 1,4-Dioxane (Biosolve, Valkenswaard, 

The Netherlands) was dried over and distilled from sodium metal using 

benzophenone as an indicator. Poly(propylacrylic acid) (pPAAC) was synthesized 

by bulk polymerization of propylacrylic acid with 2.0 mol% AIBN [35]. INF-7 peptide 

was synthesized according to the method described by Wagner et al. [36]. 

PDMAEMA (Mn = 92 kDa) was synthesized by a radical polymerization of 2-

dimethylaminoethyl methacrylate in an aqueous solution [3]. Poly(L-lysine) (p1399) 

and poly(L-aspartic acid), p(Asp) (p5387) were purchased from Sigma 

(Zwijndrecht, The Netherlands). The plasmid pCMVLacZ, containing a bacterial 

LacZ gene preceded by a nuclear localization signal under control of a CMV 

promoter, was purchased from Sanvertech (Heerhugowaard, The Netherlands). 

The plasmid DNA was labeled with fluorescein using a Fasttag FL labeling kit 

(Vector laboratories, Inc., Burlingame, USA) and the cells were embedded in 

FluorSave Reagent (Calbiochem, San Diego, USA) for confocal laser scanning 

microscopy (CLSM) experiments. 
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2.2. Synthesis of the polyphosphazenes 

 The polymerization reaction yielding poly(dichloro)phosphazene 2 (Figure 

1) was carried out according to the method described by Magill et al. [37]. All 

reactions were performed using standard Schlenk techniques under a dry nitrogen 

atmosphere. Hexachlorocyclotriphosphazene (2.5 g, 7.2 mmol), sulfamic acid (10 

mg, 0.11 mmol) and CaSO4⋅2H2O (10 mg, 0.06 mmol) were dissolved in 1,2,4-

trichlorobenzene (2 mL). The reaction mixture was heated to 220 °C and refluxed 

under stirring for 1 h. The reaction mixture was then cooled to room temperature 

and diluted with 1,4-dioxane (250 mL).  
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Figure 1. Synthesis of the poly(organo)phosphazenes. 
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The substitution reaction with DMAE or DMAEA was carried out according 

to the method described by Allcock et al. [38] with some modifications. In brief: 2-

dimethylaminoethanol (18 mL, 0.17 mol, 4-fold excess) or 2-

dimethylaminoethylamine (19 mL, 0.17 mol, 4-fold excess) was added to the 

solution of 2 in 1,4-dioxane. The resulting reaction mixture was stirred for 6 days at 

room temperature. The formed salts were filtered off and the filtrate containing the 

polymer was concentrated under reduced pressure. Next, the polymer was 

dissolved in water (300 mL) and potassium carbonate was added to the solution to 

make it slightly basic (pH ∼9). The polymer was subsequently dialyzed (cellulose 

acetate with a molecular weight cut off of 12000–14000 Da) against water for three 

days and against THF for three days at 4 °C [38]. THF was removed under 

reduced pressure and the polymer was isolated by dissolution in water and 

collected by lyophilization. 

 

2.3. Characterization of the polyphosphazenes 

1H-NMR and 13C-NMR spectra were recorded on a Varian G-300 300 MHz 

spectrometer (Varian, Palo Alto CA, USA) and 31P-NMR spectra on a Varian Inova 

500 MHz spectrometer (Varian, Palo Alto CA, USA). Chemical shifts are given 

relative to tetramethylsilane or phosphoric acid (85 %) as an external reference; 

measurements were performed in CD3OD. 

Weight average molecular weight (Mw) and number average molecular 

weight (Mn) of the synthesized polymers were determined by gel permeation 

chromatography (GPC), performed with two thermostated (35 °C) columns in 

series (Shodex OHpak SB-G and SB-806M HQ, Showa Denko, Kawasaki, Japan) 

on a Waters HPLC system, consisting of a controller (type 600), auto sampler (type 
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717plus), tunable absorbance detector (type 486), and a differential refractometer 

(type 410) (Waters, Milford MA, USA). Data were analyzed with Millennium32 

software, version 3.05 (Waters, Milford MA, USA). The eluent was an aqueous 

solution of 0.7 M NaNO3, 0.1 M Tris (pH 7.2), at a flow rate of 1.0 mL/min. The 

columns were calibrated with dextran standards (Fluka). 

 

2.4. Measurement of zeta potential and particle size 

 Z-Average diameter and polydispersity of the polyphosphazene/plasmid 

DNA complexes were measured by a Malvern 4700 system using a 75 mW Argon 

laser (Uniphase, San Jose, USA), with data analysis by the automeasure software 

version 3.2 (Malvern, UK). Viscosity and refractive index of pure water at 25 °C 

were used. The instrument was calibrated with an aqueous poly(styrene) 

dispersion of particles of 100 nm. The ζ-potential of the polyplexes was measured 

at 25 °C in an aqueous solution in a DTS5001 cell with a Zetasizer 2000 unit 

(Malvern, UK). The instrument was calibrated using a poly(styrene) dispersion with 

a known ζ-potential. In a typical experiment, 200 µl of HEPES-buffer (5.0 mM, pH 

7.4), containing 15 µg of plasmid DNA was added to 800 µl of HEPES-buffer (5.0 

mM, pH 7.4), with various amounts of polyphosphazene. The amounts of polymer 

and plasmid DNA are expressed as weight/weight ratios. The resulting solution 

was vortexed for 5 seconds and after 30 minutes incubation time at room 

temperature the size distribution and surface charge properties of the polyplexes 

were determined.  
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2.5. In vitro transfection and cell viability assays 

For transfection and cell viability studies the COS-7 cell line was used. This 

is an SV-40 transformed CV-1 cell line derived from African Green monkey kidney 

cells. The cell line was maintained in plain DMEM (Dulbecco's modification of 

Eagle's medium, with 3.7 g/l sodium bicarbonate, 1.0 g/l L-glucose, L-glutamine, 

Gibco BRL Breda, cat. no. 31885-023) completed with antibiotics/antimycotics, 

fetal bovine serum (final concentration 5.0 % v/v) and HEPES (final concentration 

25 mM). In vitro transfection of the COS-7 cells was performed as reported before 

for pDMAEMA [3,25,39]. The reporter gene expression (ß-galactosidase) was 

determined with ortho-nitrophenyl- ß -D-galactopyranoside essentially as described 

previously [40]. The transfection experiments were performed using a 96-well plate 

and 1.0 µg DNA /well was used. The amounts of polymer/DNA are expressed as 

weight/weight ratios. After one-hour incubation time the medium was changed and 

the cells were grown for 48 hours before the expression was determined. In the 

transfection experiments with INF-7 peptide or pPAAC, the cells were incubated for 

one hour with a polyplex dispersion to which either INF-7 peptide (3.0 µg/well) or 

pPAAC (3.0 µg/well) was added prior to incubation with the cells. In the standard 

transfection experiments, the polyplexes were incubated with the cells in the 

presence of 5.0 % serum. The transfection activity of the polyphosphazene-based 

polyplexes was also evaluated in the absence of serum. Evaluation of the 

cytotoxicity was performed by the XTT assay (5.0 % serum present) [41]. 
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2.6. Degradation study of the polyphosphazenes  

 In a typical experiment, polyphosphazenes were dissolved in buffer 

solutions at a concentration of 10 mg/mL. Buffers used were acetate (pH 5.0, 100 

mM, µ = 0.3 M) and Tris-HCl (pH 7.5, 100 mM, µ = 0.3 M). These solutions were 

incubated at 37 °C and at regular time intervals aliquots (100 µl) were drawn and 

added to 900 µl of an aqueous solution of 0.7 M NaNO3, 0.1 M Tris (pH 7.2). The 

samples were stored at –20 °C to prevent further degradation. After thawing, the 

samples were analyzed by GPC as described above. 

 

2.7. Confocal Laser Scanning Microscopy (CLSM) 

 The uptake and intracellular presence of polyplexes with fluorescein-

labeled plasmid DNA was visualized via confocal laser scanning microscopy 

(CLSM). The transfection experiment with labeled DNA was essentially performed 

as described above with the following modifications. A 16-well glass plate was 

used instead of a 96-well plate and after one hour incubation time, the cells were 

rinsed with phosphate buffered saline (PBS), fixed with 2.0 % paraformaldehyde 

solution in PBS for 1 hour at 4 °C and rinsed again with PBS. Cells were 

embedded in FluorSave Reagent and covered with a cover glass. Fluorescent and 

transmitted light microscope images of cells were taken simultaneously using a 

Leica TCS-SP microscope equipped with an Argon 488 nm laser and analyzed 

using Leica TCS-SP Power Scan software (Leica Microsystems, Rijswijk, the 

Netherlands). 
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2.8. Dissociation Studies Monitored by Agarose Gel Electrophoresis 

The destabilization of the polyplexes was performed essentially as 

described previously [40]. Polyplexes were prepared at different polymer/DNA 

ratios by vortexing solutions of known concentration of plasmid DNA and polymer 

in 20 mM HEPES buffer (pH 7.4). After incubation at room temperature for 30 min 

dissociation of polyplexes was attempted by adding an excess of p(Asp) to the 

samples (62.5 µg p(Asp)/µg DNA). After 30 min of incubation, polyplex samples, 

whether or not incubated with p(Asp), were analyzed by electrophoresis in a 0.7 % 

agarose gel containing 0.5 µg/mL ethidium bromide in TAE buffer (pH 7.4) ) (2.4 g 

Tris, 0.6 mL glacial acetic acid and 1.0 mL 0.5 M EDTA dissolved in reversed 

osmosis water to 500 mL). Visualization of the DNA present in the gels was 

performed by exposure to UV light.  

 

2.9. Fluorescence Measurements 

The binding of the cationic polymers to DNA was examined using a 

fluorescence quenching method, based on ethidium bromide [42]. Ethidium 

bromide was added at a 1:10 molar ratio to DNA phosphates in 20 mM HBS (20 

mM HEPES buffer (pH 7.4), containing 150 mM NaCl). Polyplexes were formed at 

different polymer/DNA ratios by vortexing solutions of known concentration of 

DNA/ethidium bromide and polymer in 20 mM HBS, followed by incubation at room 

temperature for 30 min. Then the solutions were diluted with 20 mM HBS and were 

incubated for one hour before they were measured (final concentration of DNA 2.5 

µg/ml). The fluorescence was measured using a Spex Fluorolog III 
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spectrofluorimeter (Spex, Edison, USA). The excitation and emission wavelengths 

were 520 nm and 600 nm, respectively. The excitation and emission slit widths 

were set at 1.26 nm and at 4.52 nm, respectively. The relative fluorescence (Fr) 

values were determined as follows: 

Fr = (Fobs – Fe)/(F0 – Fe) 

where Fobs is the measured fluorescence, Fe is the fluorescence of ethidium 

bromide in the absence of DNA and F0 is the initial fluorescence of DNA/ethidium 

bromide in the absence of a cationic polymer. Dissociation of polyplexes was 

studied by measuring the fluorescence 30 min after addition of p(Asp) (final 

concentration 100 µg/mL). 
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3. Results and discussion  

 

3.1. Synthesis of the polyphosphazenes 

Since the use of primary and secondary amines as the cationic moiety 

would result in cross-linked products, 2-dimethylamino-ethanol (DMAE) and 2-

dimethylaminoethylamine (DMAEA) were chosen as side groups. 

Poly(dichloro)phosphazene (2) was synthesized starting from the cyclic trimer (1) 

(Figure 1), according to the method described by Magill et al. [37]. Next, polymer 2 

was reacted with 2-dimethylaminoethanol to yield poly(2-dimethylamino-

ethoxy)phosphazene 3 (Figure 1) [38]. The polymers were characterized by NMR 

(Table 1) and GPC. The Mw and Mn (relative to dextran standards) of polymer 3 

were 100 kDa and 10 kDa, respectively. The 31P-NMR spectrum of 3 showed three 

peaks (Figure 2), while only a single signal at –8.6 ppm was expected [38]. The 

broad signals at –4.0 and –7.0 ppm could be an indication of incomplete 

substitution. Changing the reaction conditions to higher temperatures (45 °C), 

prolonged reaction times (two weeks) or a large excess of 2-

(dimethylamino)ethanol, did not result in the disappearance of the two broad 

peaks. Although Allcock et al. remarked that purification of 3 by dialysis in either 

THF or MeOH resulted in the disappearance of these resonances [38], in our 

hands this procedure was not successful. Therefore, more likely, these peaks 

represented phosphazane units, resulting from alkoxy group rearrangement or from 

aminolysis products through the reaction of the tertiary amino group with the 

polyphosphazene backbone. Three possible mechanisms to explain the origin of 

these peaks are given in Figure 3 [38,43]. Allcock et al. reported that the tertiary 

amine plays a role in phosphazane formation [38], as shown in mechanism 3. 
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Mechanisms 1 and 2 are well known reactions in phosphazene chemistry [43], 

which could therefore also have occurred.  

 

2A 

 

 

2B 

Figure 2. 31P-NMR spectra of polyphosphazene 3 (A) and polyphosphazene 4 (B). 
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Figure 3. Possible mechanisms for the formation of phosphazane units. 
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Polymer 2 was reacted with 2-dimethylaminoethylamine to yield poly(2-

dimethylaminoethylamino)phosphazene 4 (Figure 1). Allcock et al. reported that 

they were not able to synthesize this polymer, since partially substituted 

macromolecules precipitated from the reaction solution and hydrolyzed during 

purification [38]. However, stirring the reaction solution for 6 days at room 

temperature resulted in polyphosphazene 4 as a white material after dialysis and 

lyophilization. GPC analysis showed that the Mw and Mn (relative to dextran 

standards) were 300 kDa and 20 kDa respectively for 4. NMR characteristics of the 

polyphosphazene 4 are summarized in Table 1. In contrast to polyphosphazene 3, 

the 31P-NMR spectrum of 4 showed only one sharp peak at 1.7 ppm (Figure 2), 

indicating complete chlorine replacement and absence of rearrangement reactions.  

 

Table 1. NMR characteristics of polyphosphazenes 3 and 4. 

 3 4 

δ (31P) –8.6, –7.0, –4.0 1.7 

δ (13C) 45.5, 59.2, 63.6 40.1, 46.2, 62.3 

δ (1H) 2.25 (N(CH3)2), 2.51 (CH2N), 

3.98 (POCH2) 

2.28 (N(CH3)2), 2.49 (CH2N), 

3.03 (POCH2) 
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3.2. Characteristics of complexes of polyphosphazenes with plasmid DNA 

 Polyphosphazene 3 and 4 were capable of condensing plasmid DNA, 

yielding polyplexes with a size of around 85 nm and a ζ-potential of +22 mV for 

polymer 3, and with a size of around 80 nm and a ζ-potential of +17 mV for 

polymer 4, at polymer/DNA ratios > 3:1 (Figure 4). Polymer 3 formed neutral 

aggregates at a polymer/plasmid ratio of around 1:1 and negatively charged 

polyplexes at a polymer/plasmid ratio of around 0.5:1.This behavior has been 

observed before for other polymer-based polyplexes [3]. For polyphosphazene 4 

no aggregates were observed at the polymer/plasmid ratio of 1:1, but positively 

charged particles were formed with a size of around 140 nm. This difference in 

DNA binding behavior between 3 and 4 is probably caused by the partial 

substitution of polyphosphazene 3.  
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Figure 4. Particle size and the surface charge of polyplexes prepared with polyphosphazene 3 and 4. 

Particle size (striped bars: 3; white bars: 4) and surface charge (3 (▲); 4 (×)) of polyphosphazene/DNA 

complexes with polymer/DNA ratios varying from 0:1 to 5:1 in 5 mM HEPES, pH 7.4. Data represent the 

means of triploid sample ± S.D. For polyphosphazene 3 aggregates (sizes > 1 µm) were formed at a 

polymer/DNA ratio of 1:1. 
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5B 

Figure 5. Transfection activity of polyphosphazene/plasmid DNA complexes in COS-7 cells. (A) 

Polyphosphazene 3 with 5.0 % FBS (♦), polyphosphazene 4 with 5.0 % FBS (■) and pDMAEMA with 

5.0 % FBS (▲). (B) Polyphosphazene 3 without FBS (♦) and polyphosphazene 4 without FBS (■). 

Values are relative to pDMAEMA/plasmid DNA 3:1 (11.0 ± 0.6 mU/well). Data represent the means of a 

triploid experiment ± S.D. β-galactosidase activity was determined using ONPG as substrate [40]. 
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3.3. In vitro transfection 

 In vitro transfection of the polyphosphazene/plasmid DNA complexes was 

performed with the COS-7 cell line. A bell-shaped curve was obtained when the 

transfection activity was plotted against the polymer/DNA ratio (Figure 5), as 

observed earlier for other polymer-based transfection systems [3,44]. The 

transfection activity of polyphosphazene 3-based polyplexes was slightly lower 

when compared to pDMAEMA-based polyplexes. Also, higher polymer/plasmid 

DNA ratios (24:1 instead of 3:1) had to be used to obtain optimal transfection 

(Figure 5A). In this cell line, polyphosphazene 4-based polyplexes were about two-

fold more active than pDMAEMA-based polyplexes at the optimal 

polyphosphazene 4/DNA ratio of 6:1 (Figure 5A). For both polyphosphazenes the 

maximum transfection efficiency occurred at higher polymer/DNA ratios than at 

which condensation of the plasmid DNA into small positively charged particles 

started to occur (see section 3.2). A possible explanation is that the maximum 

transfection efficiency is associated with some toxicity (cell viability was 40-50 % 

(Figure 6)), as described before for pDMAEMA [3,25]. 

Figure 6 shows that the toxicity of polyphosphazene 3 complexed with 

plasmid DNA was substantially lower than that of pDMAEMA. The IC50 (defined as 

the concentration resulting in 50 % inhibitory activity (cell death)) for the polyplexes 

with polymer 3 was around 20 µg/ml (Figure 6), whereas the IC50 for the 

pDMAEMA-based polyplexes was around 4 µg/ml (Figure 6). In a recent study it 

was shown that the cytotoxicity of pDMAEMA is comparable with that of the 

frequently used transfectant pEI [45]. This figure also shows that polyphosphazene 

4 was slightly less toxic (around 6 µg/ml) than pDMAEMA.  
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Figure 6. Relative viability of COS-7 cells after incubation with polyplexes. Polyphosphazene 3 with 5.0 

% FBS (♦), polyphosphazene 4 with 5.0 % FBS (■), pDMAEMA with 5.0 % FBS(∗), polyphosphazene 3 

without FBS (▲) and polyphosphazene 4 without FBS (×). Data represent the means of a triploid 

experiment ± S.D. Viability was measured by the XTT assay [41]. 

 

 When the polyplexes were incubated with COS-7 cells in the absence of 

serum, an increase in transfection was observed for polyphosphazene 3 (Figure 

5B), while the cell viability under conditions where the maximum in transfection was 

observed (polymer/plasmid ratio 24:1) was not affected (Figure 6). A decrease of 

the transfection activity of poly/lipoplexes in the presence of serum has been 

reported before and this was ascribed to aggregation and/or destabilization of the 

poly/lipoplexes due to serum proteins [46-48]. Interestingly, a decrease in the 

transfection activity was observed for polyphosphazene 4-based polyplexes in the 

absence of serum (Figure 5B). This decrease is probably caused by the higher 

toxicity of the polyplexes under the conditions where the maximum in transfection 

was observed (polymer/plasmid ratio is 6/1) (Figure 6). Likely, the adsorption of 
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serum proteins onto polyplexes neutralizes their cationic surface charge by which 

the toxicity of the polyphosphazene 4-based polyplexes is masked without 

adversely affecting the cellular association and subsequent internalization of the 

system. 

 The addition of endosomal membrane disruptive agents, like INF-7 peptide 

[36] or pPAAc [35], did not increase the level of transfection for both 

polyphosphazene-based systems (data not shown). This indicates that the 

endosomal escape of the polyplexes is probably not the rate-limiting step for their 

transfection activity. 

 

3.4. Confocal Laser Scanning Microscopy (CLSM) 

 The internalization of the polyplexes was studied using CLSM and 

fluorescently labeled plasmid. COS-7 cells were incubated with polyphosphazene 

3/plasmid 24:1 polyplexes or in the presence of polyphosphazene 4/plasmid 6:1 

polyplexes for one hour at 37 °C both in the presence and in the absence of serum. 

These ratios were chosen based on the maximum transfection levels (see section 

3.3). When incubated with the cells in the presence of serum, for polyphosphazene 

3-based polyplexes (Figure 7A) some intracellular punctuate fluorescence was 

observed suggesting endocytosis [49]. More importantly, both in the cytosol and in 

the nucleus diffuse fluorescence was observed which might represent DNA 

released from endosomes or lysosomes, but more likely represents degraded DNA 

redistributed throughout the cell. This degradation probably occurred extracellularly 

induced by serum proteins that destabilize the complexes making them susceptible 

for degradation by DNase, resulting in low transfection levels. In the absence of 

serum, considerably more fluorescence was observed associated with the cell 
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membrane or intracellularly, however no fluorescence was found in the nucleus 

(Figure 7B). This indicates that in the absence of serum degradation of plasmid 

DNA did not occur and yielded much higher levels of intact DNA intracellularly. In 

line with these data, the transfection in the absence of serum proteins was higher 

than with serum protein present. 

 

7A 

 

 

7B 

Figure 7. CLSM-study of COS-7 cells upon incubation with polyphosphazene 3/DNA 24:1 

polyplexes for one hour at 37 °C in the presence (A) and in the absence (B) of serum. The pictures to 

the right are the direct transmitted light pictures taken simultaneously with the CLSM-pictures. The 

plasmid DNA was labeled with fluorescein. 
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CLSM showed that in the presence of serum for polyphosphazene 4-based 

polyplexes, fluorescence was observed in the cytosol but not in the nucleus (Figure 

8). This indicates that these polyplexes are taken up by the cells in intact form, and 

(in contrast to systems with polymer 3) are resistant towards 

destabilization/degradation by serum proteins. Surprisingly, most fluorescence was 

observed throughout the cytoplasm indicating rapid endosomal release of plasmid 

DNA. In the absence of serum, a much lower number of cells was observed when 

incubated with the polyphosphazene 4-based polyplexes. These results are 

consistent with the results obtained by the transfection and cell viability 

experiments (Figure 5 and 6), and support the hypothesis that the reduced toxicity 

of the polyphosphazene 4-based polyplexes in the presence of serum causes the 

observed higher transfection activity. 
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8A 

 

 

8B 

Figure 8. CLSM-study of COS-7 cells upon incubation with polyphosphazene 4/DNA 6:1 

polyplexes for one hour at 37 °C in the presence of serum (A) and in the absence (B) of serum. The 

pictures to the right are the direct transmitted light pictures taken simultaneously with the CLSM-

pictures. The plasmid DNA was labeled with fluorescein. 
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3.5. Polyplex dissociation studies monitored by agarose gel electrophoresis 

 Dissociation of polyplexes is essential in the transfection process, because 

only released and intact DNA can be transcribed into RNA. Therefore, the binding 

of the polyphosphazenes to plasmid DNA was studied by agarose gel 

electrophoresis (Figure 9). With increasing polymer/DNA ratios, the amount of free 

DNA (open circular and supercoiled) decreased. The polymer/plasmid ratio above 

which no free DNA was detected was 1:1 for polyphosphazene 3, and 0.5:1 for 

polyphosphazene 4. 

 ↓           ↓ 
pDMAEMA 3/1

4 0.5/1
4 1/1
4 3/1
4 6/1

4 12/1
4 24/1

3 0.5/1
3 1/1
3 3/1
3 6/1

3 12/1
3 24/1

plasmid DNA  

Figure 9. Agarose gel electrophoresis of polyphosphazenes/DNA complexes at different polymer/DNA 

ratios in the absence (left) and in presence (right) of p(Asp). The arrows indicate the starting points. 

 

After incubation of the polyphosphazene-based polyplexes and a 

pDMAEMA polyplex formulation (polymer/plasmid ratio 3:1) with an excess of 

p(Asp), it was observed that the pDMAEMA released almost all its DNA, as 

published previously [40]. For polyphosphazene 3, partial dissociation was 
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observed for polyplexes prepared at ratios > 1:1. The polyphosphazene 3/DNA 

polyplexes with the highest transfection activity (polymer/plasmid ratio 24:1) did not 

release DNA when incubated with p(Asp). For polyphosphazene 4, only partial 

dissociation was observed for polyplexes prepared at ratios > 3:1, but dissociation 

was never completely inhibited. These data suggest that polyphosphazene 4-

based polyplexes dissociated more easily than polymer 3-based systems.  

 

3.6. Binding of the polyphosphazenes with plasmid DNA monitored by 

fluorescence spectroscopy 

 

Table 2. The fluorescence of ethidium bromide/plasmida complexed with different cationic polymers 

before and after the addition of p(Asp). 

Polymer inflection 

pointb

Polymer/DNA 

ratio (w/w)c

Relative 

fluorescence 

before addition of 

p(Asp) (± s.d.) 

Relative 

fluorescence in 

the presence of 

p(Asp)d (± s.d.) 

polymer 3 0.75:1 24:1 0.38 ± 0.01 0.40 ± 0.01 

polymer 4 0.38:1 6:1 0.31 ± 0.01 0.77 ± 0.01 

pDMAEMA 0.25:1 3:1 0.42 ± 0.02 0.81 ± 0.03 

pLL 0.38:1 3:1 0.08 ± 0.02 0.27 ± 0.09 

a Concentration of plasmid 2.5 µg/ml, ethidium bromide/DNA phosphate 1:10 (mole/mole).  

b Polymer/DNA ratio at which no further decrease in fluorescence was observed.  

c Polymer/DNA ratio at which the relative fluorescence before and after the addition of p(Asp) was 

measured. 

d final concentration of p(Asp) 100 µg/ml. 
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 The binding of the polyphosphazenes to plasmid DNA was also studied 

using fluorescence measurements. As shown in Table 2 all polymers quenched the 

DNA/ethidium bromide fluorescence. PLL had the lowest plateau value, suggesting 

the strongest binding to the plasmid. The plateau values of polyphosphazenes 3 

and 4 were comparable to that of pDMAEMA, suggesting a similar degree of 

binding of the polymers to the plasmid. The addition of p(Asp) to the polyplexes 

caused no effect on the DNA/ethidium bromide fluorescence intensity for 

polyphosphazene 3. In contrast, for polyphosphazene 4, pDMAEMA and pLL the 

addition of p(Asp) to the polyplexes caused a substantial increase in the 

DNA/ethidium bromide fluorescence intensity. These data, like the data obtained 

with gel electrophoresis (see section 3.5, Figure 9), suggest that the dissociation of 

polyplexes containing polyphosphazene 4 is more easily than those containing 

polyphosphazene 3.  

 

3.7. Degradation of the polyphosphazenes 

 Preliminary degradation data (Figure 10) revealed that polyphosphazenes 

3 and 4 degraded under slightly acidic and neutral conditions. At 37 °C and neutral 

pH the half-lives for polyphosphazene 3 and polyphosphazene 4 were 7 and 24 

days, respectively. The half-lives of both polyphosphazene 3 and polyphosphazene 

4 under acidic conditions (pH 5.0, mimicking the pH in the endosome) were 4 days 

and 5 days, respectively. These results were unexpected, since it has been shown 

that amino-substituted polyphosphazene derivatives are generally more sensitive 

towards hydrolytic degradation when compared to the corresponding alkoxy 

derivatives [30,32,50]. Probably, the lower degree of substitution of 

polyphosphazene 3 causes a faster degradation of this polymer. Interestingly, the 
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polyphosphazenes showed a higher degradation rate at acidic pH than at neutral 

pH. This means that it is feasible to design systems, which are relatively stable in 

extra-cellular fluids, but degrade in the endosome when taken up by the target cell 

via an endocytotic pathway. In this case, the degradation of the polyphosphazenes 

can be used to release the DNA from the polyplexes either in the endosome or in 

the cytosol after endosomal escape. 
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Figure 10. Time-dependent degradation of polyphosphazene 3 (pH 5.0 (■) and pH 7.5 (▲) conditions) 

and polyphosphazene 4 (pH 5.0 (▼) and pH 7.5 (♦) conditions) at 37 °C. 
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4. Conclusion 

 This study shows that water-soluble cationic polyphosphazenes are a 

suitable new class of polymers for gene delivery. Both polyphosphazenes 

investigated in this study form polyplexes, which are able to transfect COS-7 cells. 

The toxicity was less compared to other used polymeric transfectants. Current 

investigations are aimed to improve the degradation rate of the polymers and the 

transfection activity of the polyphosphazene-based polyplexes and involve the 

synthesis of polyphosphazenes with different amine-bearing side groups and 

hydrolysis-sensitive co-substituents. 
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CHAPTER 3 

 

Degradable PEG-folate coated poly(DMAEA-co-

BA)phosphazene based polyplexes exhibit 

receptor-specific gene expression 
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Abstract 

A new cationic biodegradable polyphosphazene was developed, bearing 

both pendant primary and tertiary amine side groups, poly(2-

dimethylaminoethylamine-co-diaminobutane)phosphazene (poly(DMAEA-co-

BA)phosphazene). PEG and PEG-folate were coupled to polyplexes based on this 

poly(DMAEA-co-BA)phosphazene, leading to small (size 100 and 120 nm, 

respectively) and almost neutral particles. In vitro tissue culture experiments 

showed a low cytotoxicity of both uncoated and coated polyplexes. However, the 

PEG coated polyplexes showed a 2-fold lower transfection activity in OVCAR 3 

cells as compared to the uncoated polyplexes. On the other hand, the PEG-folate 

coated polyplexes had a 3 fold higher transfection than the PEGylated polyplexes. 

When free folate was added to the transfection medium, only the transfection 

activity of the targeted polyplexes was reduced, indicating internalization of the 

targeted PEG polyplexes via the folate receptor. Confocal laser scanning 

microscopy confirmed a lower binding and uptake of the PEGylated polyplexes by 

OVCAR-3 cells when compared to uncoated and folate-PEGylated polyplexes. 

While uncoated polyplexes induced aggregation of erythrocytes at polymer 

concentrations of 0.09 µg/mL, the PEGylated systems could be incubated at ten 

times higher concentration before aggregation occurred indicating excellent 

shielding of the surface charge of the polyplexes by grafting of PEG. In conclusion, 

the targeted delivery of poly(DMAEA-co-BA)phosphazene bases polyplexes and 

their improved compatibility with erythrocytes makes them interesting for in vivo 

applications.  
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Introduction 

A carrier system needs to fulfill the following requirements to be a 

promising candidate for in vivo gene delivery. The carrier should be able to 

efficiently accumulate in specific target tissues with minimal toxicity and 

immunogenicity, and deliver the intact gene into the nucleus of target cell to get 

high levels of gene expression. Viral vectors are the most efficient gene delivery 

systems known so far, however, they also have some severe drawbacks, like the 

induction of an immune response, in particular after repeated administration, 

possible recombination with wild-type viruses, limitations in the size of inserted 

DNA and oncogenicity [1-4]. Synthetic carriers such as polymers, therefore, have 

become an attractive alternative due to their relative safety and their lack of 

restraints on the size of the plasmid DNA to be delivered [5,6]. Among the most 

studied polymers are pEI, pLL and pDMAEMA [7-9]. However, these polymers are 

either non-biodegradable (pEI and pDMAEMA) or show low transfection activity 

(pLL). In recent years there has been an increasing interest in biodegradable 

polymers, like polyesters, polyphosphazenes, degradable pEI, polyphosphoesters, 

[10-15] as nonviral gene delivery vectors. Recently, the biodistribution and in vivo 

transfection efficiency of polyplexes composed of plasmid DNA and 

p(DMAEA)phosphazene were investigated after intravenous administration in 

tumor bearing mice [16]. Polyplexes based on poly(DMAEA)phosphazene were 

shown to have a preferential tumor gene expression (organ gene expression < 

1/100 of tumor gene expression). This observed selectivity mediated by the 

p(DMAEA)phosphazene polyplexes could enable the application of this polymer to 

deliver therapeutic genes to tumors. However, the polyplexes were rapidly cleared 

from the circulation (<7% ID, at 60 min after administration). One way of improving 

110 



the circulation kinetics of colloidal gene delivery particles is by PEGylation [17,18]. 

However, a major drawback of PEGylation of polyplexes is their lower transfection 

activity due to the loss of non-specific binding to the target cell. Introduction of 

targeting moieties on their surfaces is an interesting option to restore the 

transfection potential of poly(DMAEA)phosphazene-DNA polyplexes.  

Targeting of the folate receptor, a glycopolypeptide with a high affinity 

(Kd<10-9 M) for folic acid and the physiologic circulating form of the vitamin, N5-

methyltetrahydrofolate, [19-21] had received much attention in recent years, since 

the folate receptor has been shown to be over expressed in human cancer cells 

and in addition, folic acid is a relatively small molecule (MW 441 Da) which does 

consequently have only limited effects on the dimensions of the carrier system [22-

24]. To improve the availability of folate for receptor binding, attachment to a 

poly(ethylene glycol) (PEG) spacer was found effective for the targeted delivery 

liposomes [25-27] and similar findings were reported for polyplexes [28]. As 

aforementioned, PEGylation of polyplexes has been shown to significantly improve 

their pharmacokinetics after intravenous administration [17,29,30]. On the other 

hand, PEGylated cationic polymers have been shown to exhibit less satisfactory 

DNA-condensing properties [31,32], which can be overcome by conjugating PEG 

to pre-formed polyplexes (post-PEGylation) [17,33,34]. To use post-PEGylation in 

the case of polyphosphazene based polyplexes requires a polymer with a 

functional group that is able to covalently bind the PEG chain with or without a 

targeting ligand. In this paper, we report the synthesis, characterization of a 

polyphosphazene capable of post-PEGylation and the in vitro evaluation of the 

corresponding PEGylated polyplexes with and without folate targeting groups in 

OVCAR-3 cells.  
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MATERIALS AND METHODS 

 

Materials.  

Hexachlorocyclotriphosphazene (NPCl2)3 (99.99+ %), calcium sulphate 

dihydrate, folic acid, N-Ethyl-N’-(3-dimethylaminopropyl)-carbodiimid hydrochloride 

(EDC), N-hydroxysuccinimide (NHS), benzyl chloroformate (Z-Cl), di-tert-butyl 

dicarbonate (BOC2O), 1,4-diaminobutane (BA) and 2-dimethylaminoethylamine 

(DMAEA) were purchased from Aldrich (Zwijndrecht, The Netherlands) and were 

used as received. COOH-PEG5000-NH2 • HCl and PEG5000-NHS were purchased 

from Nektar (Huntsville, AL, USA). 1,4-Dioxane (Biosolve, Valkenswaard, The 

Netherlands) was dried over and distilled from sodium metal using benzophenone 

as an indicator. INF-7, a 24 amino acid containing peptide with fusogenic activity 

derived from the influenza virus, was synthesized via standard Fmoc solid-phase 

synthesis [35]. PEI (branched, 25 kDa) was purchased from Sigma (Zwijndrecht, 

The Netherlands). PDMAEMA (Mn = 92 kDa) was synthesized by a radical 

polymerization of 2-dimethylaminoethyl methacrylate in an aqueous solution [36]. 

The plasmid pCMVLacZ, containing a bacterial LacZ gene preceded by a nuclear 

localization signal under control of a CMV promoter, was purchased from 

Sanvertech (Heerhugowaard, The Netherlands). The plasmid DNA was labeled 

with Cy5 dye using the Mires Label It nucleic acid labeling kit (Sopachem, 

Wageningen, The Netherlands) and the cells were embedded in FluorSave 

Reagent (Calbiochem, San Diego, USA) for confocal laser scanning microscopy 

(CLSM) experiments.  
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Synthesis of poly(DMAEMA-co-BA)phosphazene.  

Mono-Z-diaminobutane was prepared as shown in Scheme 1, according to 

literature procedures [37]. In detail, a solution of di-tert-butyl dicarbonate (100 

mmol, 21.8 g) in dioxane (400 mL) was added over a period of five hours to a 

solution of 1,4-diaminobutane (700 mmol, 70.4 mL) in dioxane (400 mL) The 

mixture was stirred overnight at room temperature and the solvent was removed in 

vacuo. Water (400 mL) was added to the residue and stirred for 20 minutes. The 

insoluble bis-substituted product was removed by filtration. Next, the filtrate was 

extracted with DCM (3 x 200 mL) and the organic layers were washed with brine 

(200 mL), dried with MgSO4, and concentrated in vacuo to afford 17 g N-BOC-1,4-

diaminobutane (88 %). 1H NMR (CDCl3, δ in ppm) 4.94 (BOC-NH, 1H, br), 3.03 

(CH2, 2H, br), 2.64 (CH2, 2H, br), 1.98 (NH2, 2H, br), 1.42 (CH2CH2, 4H, br), 1.38 

(CH3, 9H, s). 

Next, N-BOC-1,4-diaminobutane (13.9 mmol, 3.5 g) was reacted with Z-Cl 

(1.1 equiv., 3.2 g) under Schotten-Baumann conditions (1 M aq. NaOH, 1.1 equiv., 

0 to 20°C, 16 h) to give the required unsymmetrical dicarbamate (6,0 g, 82 %).1H 

NMR (CDCl3, δ in ppm) 7.35 (CH, 5H, s), 5.09 (CH2, 2H, s), 4.69 (NH, 2H, br), 3.21 

(CH2, 2H, br), 3.12 (CH2, 2H, br), 1.51 (CH2CH2, 4H, br), 1.43 (CH3, 9H, s). 

113 



H2N
NH2 BOC2O

dioxane
H2N

H
N O

O

H2N
H
N O

O 1M aq. NaOH
N
H

H
N O

O

O

TFA

DCM

Z-Cl
O

N
H

H
N O

O

O

O N
H

NH2

O

O

 

Scheme 1. Synthesis of mono-Z-diaminobutane 

 

The dicarbamate was subsequently selectively deprotected with TFA in 

DCM (1:1) (0°C, 1 h) to yield mono-Z-diaminobutane in 76 %. 1H NMR (CDCl3, δ in 

ppm) 7.34 (CH, 5H, s), 5.08 (CH2, 2H, s), 4.95 (NH, 1H, br), 3.18 (CH2, 2H, br), 

2.73 (CH2, 2H, br), 1.98 (NH2, 2H, br), 1.51 (CH2CH2, 4H, br) 

A polyphosphazene co-polymer with pendant primary and tertiary amines 

was synthesized as shown in Scheme 2. Poly(dichloro)phosphazene was 

synthesized via bulk polymerization. A glass ampoule was treated with TMS-Cl, 

cleaned and dried in a vacuum oven prior to use. Next, the ampoule was filled with 

hexachlorocyclotriphosphazene (4.0 g, 70 mmol P-Cl), and CaSO4⋅2H2O (10 mg, 

0.06 mmol) and the ampoule was then sealed under high vacuum. The reaction 

mixture was heated to 250 °C for 6 hours. The polymer/trimer mixture was then 

cooled to room temperature and diluted with 1,4-dioxane (200 mL), containing 

mono-Z-diaminobutane (1.6 g, 7.0 mmol, NH2/P-Cl ratio 0.1) and triethylamine (20 

mL, in excess). The reaction mixture was stirred for two days at room temperature 
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followed by the addition of 2-dimethylaminoethylamine (DMAEA) (19 mL, 0.17 

mol). The mixture was stirred for six days followed by removal of the formed 

triethylamine-HCl salt by filtration and the filtrate containing the polymer was 

concentrated under reduced pressure. Next, the polymer was dissolved in 100 mL 

MeOH and the Z-group was removed using Pd/C (1.0 g, 10%) and H2 gas 

overnight at room temperature. Subsequently, the reaction mixture was 

concentrated and the polymer was dialyzed (cellulose acetate with a molecular 

weight cut off of 12000–14000 Da) against water for three days. The 

polyphosphazene was collected by lyophilization (yield: 300 mg). 
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Scheme 2.. Synthesis of poly(DMAEA-co-BA)phosphazene. 
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Synthesis of NHS-activated folate-conjugated PEG.  

Folate N-hydroxysuccinimidyl ester (folate-NHS) was prepared according 

to a literature procedure (Scheme 3) [38]. In brief, folic acid (65 mg) was dissolved 

in DMSO (2.6 ml) to which triethylamine (0.05 ml) was added. After addition of N-

hydroxysuccinimide (NHS) (38 mg, 2.2 equiv.), and N-ethyl-N’-(3-

dimethylaminopropyl)-carbodiimid hydrochloride (EDC) (30 mg, 1.1 equiv.), the 

mixture was stirred in the dark for 18 h. Folate-NHS was coupled to NH2-PEG-

COOH as follows: the folate-NHS solution was added to PEG (350 mg, 70.0 µmol) 

dissolved in a mixture of DMSO (2.5 mL and triethylamine (0.1 mL), after which the 

mixture was stirred overnight. The folate-PEG-COOH was dialyzed extensively 

against deionized H2O. Insoluble products including unconjugated folic acid were 

removed by filtration through a 0.2-µm filter (Millipore, Bedford, MA). The soluble 

product was collected and freeze-dried. Next, folate-PEG-COOH was reacted with 

EDC/NHS (10 equiv. to COOH) in DMSO to yield folate-PEG-NHS. The conjugate 

was purified by precipitation in diethylether, collected and stored at -20 °C. 

116 



O
HO

HN

O
HN

N

O
HN

H2N
N

N
O

HO O
HO

HN

O
HN

N

O
HN

H2N
N

N

O
HN

PEG5000

OHO

O
HO

HN

O
HN

N

O
HN

H2N
N

N

O
HN

PEG5000

OO
N

O

O

O
HO

HN

O
HN

N

O
HN

H2N
N

N

O
HN

PEG5000

O

P N
0.2

NHN

H
N

HN

DCC/NHS

NH2-PEG5000-COOH

D
C

C
/N

H
S

P N
HN

HN

0.8

N

N

 

Scheme 3. Synthesis of PEG-folate-NHS and coupling to poly(DMAEA-co-BA)phosphazene. 

 

Characterization of poly(DMAEMA-co-BA)phosphazene. 

1H-NMR spectra were recorded on a Varian G-300 300 MHz spectrometer 

(Varian, Palo Alto CA, USA) and 31P-NMR spectra on a Varian Inova 500 MHz 

spectrometer (Varian, Palo Alto CA, USA). Chemical shifts are given relative to 

tetramethylsilane or phosphoric acid (85 %) as an external reference; 

measurements were performed in CD3OD. 

Weight average molecular weight (Mw) and number average molecular 

weight (Mn) of the synthesized polymers were determined by gel permeation 
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chromatography (GPC), using a Viscotek VE 2001 system [39]. Two Shodex SB-

804 M 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 [40]. The refractive index increment 

(dn/dc) of p(DMAEA)phosphazene was determined by injecting p(DMAEA) 

phosphazene solutions with different concentrations (1–10 mg/ml) directly into the 

refractive index detector and was determined to be 0.159 ml/g. Molecular weight 

data analysis was performed by OmniSEC 4.1 software. 

For the detection of the PEG conjugates a mesopor column was used; 

detection was done with a UV detector (363 nm). DMF/LiCl (10 mM) was used as 

the eluent with a flow rate of 0.7 mL/min. 

The amount of primary amines in the polymer was determined 

spectrophotometrically by the ninhydrin assay [41]. Samples were prepared in 1 M 

sodium acetate buffer, pH 5.5, containing approximately 0.2 µmol NH2/mL. Next, 1 

ml of this polymer solution was taken and freshly prepared ninhydrin solution (2.0 g 

ninhydrin and 0.3 g hydrindantin dissolved in 75 mL of 2-methoxyethanol and 25 ml 

of 4 M sodium acetate buffer, pH 5.5) was added. The mixtures were vortexed and 

incubated for 15 minutes at 100 °C. After cooling to room temperature, the samples 

were diluted with 5 mL of 50% ethanol in water and the absorbance was measured 

at 570 nm with a Perkin-Elmer Lambda 2 UV/Vis spectrophotometer. Glycine in a 1 

M acetate buffer was used for calibration. The calibration curve was linear up to 0.5 

µmol glycine/mL. As a control p(DMAEA)phosphazene, lacking primary amines, 

was used. 
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PEGylation of polyplexes.  

PEGylation of polyplexes was performed by adding DMSO solutions of 

either NHS-PEG-folate (53.9 mg/mL stock solution) or NHS-PEG (49.1 mg/mL 

stock solution) to the polyplexes, and incubating these for 15 min at room 

temperature. The polyplexes were prepared by adding 200 µl of 4-(2-hydroxyethyl)-

1-piperazine-ethanesulfonic acid (HEPES) buffer (5.0 mM, pH 7.4), containing 15 

µg of plasmid DNA to 800 µl of HEPES buffer (5.0 mM, pH 7.4), with 90 µg of 

polymer (6:1 w/w, N/P ratio 18). The resulting dispersion was vortexed for 5 s and 

after 30 min incubation time at room temperature the size of the polyplexes was 

determined using DLS at 25°C. To this dispersion 50 µL of either NHS-PEG-folate 

or NHS-PEG solution was added. The concentration of the PEG solutions was 

varied by diluting the stock solutions mentioned above to obtain different 

PEG/primary amine ratios. 

 

Size and charge measurements of the different polyplexes.  

Z-Average diameter and polydispersity of the polymer/plasmid DNA 

complexes were measured by dynamic light scattering (DLS) using a Malvern ALV 

CGS-3 system equipped with an argon-ion laser (488 nm 10.4 mW) (uniphase). 

The ALV correlator software in combination with DTS (Nano) and ALVFilereader 

software was used. The instrument was calibrated with 100 nm poly(styrene) 

particles dispersed in water. In a typical experiment, 200 µl of HEPES buffer (5.0 

mM, pH 7.4), containing 15 µg of plasmid DNA was added to 800 µl of HEPES 

buffer (5.0 mM, pH 7.4), with various amounts of polymer. The resulting solution 

was vortexed for 5 s and after 30 min incubation time at room temperature the size 

of the polyplexes was determined using DLS at 25°C. 
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The ζ-potential of the polyplexes was measured at 25 °C using a Zetasizer 

Nano-Z (Malvern). The instrument was calibrated using a poly(styrene) dispersion 

with a known ζ -potential. In a typical experiment, 200 µl of HEPES buffer (5.0 mM, 

pH 7.4), containing 15 µg of plasmid DNA was added to 800 µl of HEPES buffer 

(5.0 mM, pH 7.4) with various amounts of polymer. The resulting solution was 

vortexed for 5 s and after 30 min incubation time at room temperature the surface 

charge properties of the polyplexes was determined.  

 

Transfection Studies. 

Transfection studies were done in OVCAR-3 cells as described previously 

using pCMVLacZ as reporter gene [33,42]. In brief, 96-well plates were seeded 

with cells at a density of 3 × 104 /cm2 24 h before transfection. Polyplexes were 

prepared as follows: 150 µl of polymer solution in HBS was added to 50 µl of 

plasmid solution (50 µg/ml) in HBS, and after incubation for 30 minutes at room 

temperature, 5 µl of either PEG-NHS (9 mg/ml) or PEG-folate solution (10 mg/mL) 

in DMSO was added, and the polyplexes were incubated for another 15 min. 

Finally, 45 µl of INF-7 peptide (170 µg/ml) was added to the dispersion before 

transfer to the cells. After rinsing the cells with HBS, 100 µl of polyplex dispersion 

and 100 µl of culture medium were incubated with the cells for 1 h. After removal of 

the polyplex medium, fresh culture medium was added, and the cells were 

incubated for another 48 h. All transfection experiments were performed in two 

identical series in separate 96-well plates. One series was tested for reporter gene 

expression (β- galactosidase) by ONPG colorimetric assay; the other series was 

used to determine the number of viable cells using an XTT colorimetric assay. 

Transfection efficiencies were normalized to that of pDMAEMA polyplexes 
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(polymer/DNA ratio of 3/1) in the presence of serum. Also, the transfection activity 

of polyplexes of PEI (branched, 25 kDa) in the presence of 5% serum was 

measured.  

 

Confocal Laser Scanning Microscopy (CLSM) studies.  

The uptake and intracellular presence of polyplexes with fluorescein-

labeled plasmid DNA was visualized via confocal laser scanning microscopy 

(CLSM). This experiment with labeled DNA was essentially performed as described 

above for the transfection studies with the following modifications. A 16-well glass 

plate was used instead of a 96-well plate and after one hour incubation time, the 

cells were rinsed with phosphate buffered saline (PBS), fixed with 2.0 % 

paraformaldehyde solution in PBS for 1 hour at 4 °C and rinsed again with PBS. 

Cells were embedded in FluorSave Reagent and covered with a cover glass. 

Fluorescent and transmitted light microscope images of cells were taken 

simultaneously using a Leica TCS-SP microscope and analyzed using Leica TCS-

SP Power Scan software (Leica Microsystems, Rijswijk, The Netherlands). 

 

Polyplex-induced erythrocyte aggregation.  

Blood was collected from the vena cava inferior of female BALB/c mice. 

Heparin (approximately 50 Units per sample) was added to prevent blood 

coagulation. The blood samples were centrifuged for 12 minutes at 4 °C at 1200 g 

and the pelleted erythrocytes were washed three times with HBS (5.0 mM Hepes, 

150 mM NaCl, pH 7.4). Polyplexes were prepared as described before at a DNA 

concentration of 15 µg/mL. In a V-shaped 96-well plate 100 µL of polyplex 
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dispersion were pipetted by serial dilution of the polyplex solution, leading to DNA 

concentrations ranging from 3.7 ng/mL to 15 µg/mL. 

Subsequently, 50 µL of a 450 mM NaCl solution was added, followed by the 

addition of 50 µL of a 1% erythrocyte suspension in HBS. The erythrocytes were 

allowed to sediment overnight. Erythrocyte aggregation was scored visually. 

 

RESULTS AND DISCUSSION 

 

Synthesis of poly(DMAEMA-co-BA)phosphazene. 

A poly(DMAEMA-co-BA)phosphazene with pendant primary and tertiary 

amines was synthesized as shown in Scheme 2. The synthesis of poly(DMAEMA-

co-BA)phosphazene was explored via several routes. The use of mono BOC-

diaminobutane and mono BOC amino ethanol instead of mono Z-diaminobutane 

was unsuccessful, because deprotection of the primary amine in CH2Cl2/trifluoro 

acetic acid 1:1 led to extensive chain scission. Therefore, the Z-group was 

investigated as protecting group to synthesize the aimed polymer. Direct mono-Z 

protection of 1,4-diaminobutane was practically impossible (yields were typically 

below 3% using Z-Cl in aq. NaOH/THF at 0 °C) while the di-Z protected diamine 

was formed predominately [37]. Mono Z-diaminobutane was therefore synthesized 

following the method described by Biagbrough et al. that consisted of a route via 

mono-BOC-mono-Z-diaminobutane [43]. The mono Z-protected diaminobutane 

was subsequently used to synthesize the Z-protected poly(DMAEMA-co-

BA)phosphazene. First, mono Z-protected diaminobutane was reacted with 

poly(dichloro)phosphazene in a 1:10 NH2/P-Cl ratio. Then, an excess of DMAEA 

was used to substitute the remaining chloride atoms. Other strategies, like adding 
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both substituents simultaneously or reversing the order of addition of the 

substituents were unsuccessful. 1H-NMR analysis showed (Figure 1) that 12% of 

the side groups was Z-protected BA. This was also confirmed with a ninhydrin 

assay after the Z-group was successfully removed by Pd/C and H2-gas (Figure 1) 

[41]. The 31P NMR spectrum of the deprotected polymer showed only one signal at 

1.7 ppm, indicating complete substitution of the chloride atoms and overlap of P-

NH-BA and P-NH-DMAEA signal. 

GPC analysis showed that the weight average molecular weight and the number 

average molecular weight of poly(DMAEA-co-BA)phosphazene were 20 kDa and 

the and 8.5 kDa, respectively.  

 

Synthesis of NHS-activated folate-conjugated PEG. 

To PEGylate preformed polyphosphazene-based polyplexes (so called 

post-PEGylation), an NHS-activated PEG folate conjugate was prepared according 

to a method described by Park et al. [38]. GPC analysis was used to analyze the 

synthesized conjugate. GPC analysis showed that PEG-folate had a much shorter 

retention time than the free folic acid (Figures 2A and 2B), whereas a physical 

mixture of folate and PEG (not shown) did not show this shift in retention time. This 

demonstrates that folate was indeed covalently bound to the PEG chains.  
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Figure 1. 1H NMR spectra of Z-protected p(DMAEA-co-BA)phosphazene (A) and p(DMAEA-co-

BA)phosphazene (B). 

124 



 

2A 

 

2B 

Figure 2. GPC results of the PEG-folate construct (A) and folic acid (B) at 363 nm. A physical mixture of 

folic acid and PEG did not cause a shift of the folate signal (data not shown). 
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Size and charge measurements of the (un)coated polyplexes. 
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Figure 3. Particle diameter and ζ-potential of the poly(DMAEA-co-BA)phosphazene polyplexes at 

different polymer/DNA ratios (w/w) in HEPES buffer (5.0 mM, pH 7.4). 

 

Dynamic light scattering experiments showed that the poly(DMAEMA-co-

BA)phosphazene is capable to condense plasmid DNA, yielding polyplexes with a 

size of around 80 nm and a ζ-potential of +22 mV (Figure 3) at polymer/plasmid 

ratios (w/w) higher than 6 (N/P= 18). This figure also shows that neutral aggregates 

were formed between polymer/plasmid ratio of 1.5:1 and 3:1 whereas negatively 

charged polyplexes with a size of 90 nm were detected at a polymer/plasmid ratio 

of 0.75:1. This behavior has been observed before for other polymer-based 

polyplexes [40] and also for poly(DMAE)phosphazene [10]. The addition of NaCl 

(final concentration 150 mM) to the polyplexes caused a gradual increase in size 

(from 80 to 170 nm in 10 hours). This has been observed before for 

poly(DMAE)phosphazene and also for other polymers [16,44]. The surface grafting 

of PEG to the polyplexes affected both size and surface charge (Figure 4). The 

polyplexes were made at a polymer/DNA ratio of 6 (w/w) and after 30 minutes 
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PEG-NHS or folate-PEG-NHS is added followed by 15 minutes of incubation. In 

contrast to naked polyplexes, the PEGylated polyplexes were stable in 150 mM 

NaCl for more than 4 hours. In line with observation for other PEGylated polyplexes 

[17,33], a small increase in size was observed (from to 80 nm (no PEG) to 140 nm 

at a PEG/primary amine ratio of 6, Figure 4) with increasing extent of PEG grafting. 

Zeta potential measurements (Figure 4) showed that PEG grafting resulted in a 

drop of the surface charge from + 22 mV to 6 mV, indicating effective shielding of 

the surface charge of the polyplexes by the PEG chains. 
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Figure 4. Particle diameter and ζ-potential of the post-PEGylated poly(DMAEA-co-BA)phosphazene 

polyplexes at a polymer/DNA ratio of 6 (w/w) and at different PEG/NH2 ratios in HEPES buffer (5.0 mM, 

pH 7.4). 

 

Conjugation of PEG-folate to the polyplexes caused even more 

pronounced effects (Figure 5). The size of the targeted polyplexes increased from 

80 nm (no PEG) to 160 nm at PEG/primary amine ratio of 6. At the PEG/primary 

amine ratio of 1.5 and higher, the surface charge of these polyplexes was neutral 
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to slightly negative as has been observed before for folate targeted systems [33] 

and is attributed to negatively charged carboxylic acid group of the folate ligand. 

0 1 2 3 4 5 6 7
0

25

50

75

100

125

150

175

-10

0

10

20

30
particle size
zeta potential

PEG-folate/NH2 ratio

z-
av

er
. (

nm
)

zeta potential (m
V)

 

Figure 5. Particle diameter and ζ-potential of the targeted poly(DMAEA-co-BA)phosphazene polyplexes 

at a polymer/DNA ratio of 6 (w/w) and at different PEG/NH2 ratios in HEPES buffer (5.0 mM, pH 7.4). 

 

In vitro transfection studies with (un)coated poly(DMAEA-co-

BA)phosphazene- based polyplexes.  

The effect of PEGylation with and without folate on the transfection activity 

of poly(DMAEA-co-BA)phosphazene- based polyplexes was studied using 

OVCAR-3 cells. Ovarium carcinoma cells are known to have a high expression of 

folate receptors [22]. 

The addition of the endosomal membrane disrupting INF-7 peptide to the 

polyplex dispersion, increased the transfection activity with a factor 10-15 for the 

non-coated as well as the coated poly(DMAEA-co-BA)phosphazene- based 

polyplexes. Previously we found that, poly(DMAEA)phosphazene-based polyplexes 

did not benefit from the presence of INF-7 in the transfection of COS-7 cells [10]. 

Perhaps either polyplexes are taken up via different routes by COS-7 and OVCAR-
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3 cells or poly(DMAEA-co-BA)phosphazene- and poly(DMAEA)phosphazene- 

polyplexes are taken up via different pathways [45], but this should be investigated 

further. The effect of PEGylation of the poly(DMAEA-co-BA)phosphazene 

polyplexes on their transfection activity can be seen in Figure 6. The activities of 

polyplexes based on p(DMAEMA) (N/P 5, 42 mU/well) and BPEI (N/P 6, 62 

mU/well) were used as a reference. The non-PEGylated polyplexes gave an 

expression of 45 mU of β-galactosidase per well and were twice as active as the 

PEG shielded polyplexes. This is expected since shielding of the polyplexes by 

PEGylation reduces the non-specific binding of the polyplexes and subsequent 

internalization by the OVCAR-3 cells [17,33].  
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Figure 6. Transfection efficiencies of polyplexes, post-PEGylated with NHS-PEG or NHS-PEG-folate at 

1.5 PEG:NH2 ratio, at a polymer/DNA ratio of 6:1 (w/w), in medium, in folate-rich medium (1 mM). 

Efficiencies were determined by measuring the β-galactosidase activity. Polyplexes based on 

p(DMAEMA) (N/P 5) and BPEI (N/P 6) were used as a reference. 

 

The transfection levels of the folate targeted system were 60 mU of β-

galactosidase per well and were even slightly higher than the transfection levels 

obtained for the uncoated polyplexes. The transfection activity of the polyplexes in 

the presence of an excess of folic acid (1.0 mM) was also studied (Figure 6). It was 

129 



found that the transfection levels of the uncoated polyplexes and for the PEGylated 

polyplexes were unaffected and remained at the levels obtained without folic acid 

incubation. Importantly, the transfection activity of the folate targeted polyplexes 

decreased from 60 mU to 25 mU β-galactosidase per well, a level comparable to 

that of the PEGylated polyplexes. These results indicate that the increase in 

transfection activity of the folate polyplexes is caused by binding of the polyplexes 

to the folate receptor followed by internalization (folate receptor endocytosis) and 

eventually to gene expression [46,47].  
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Figure 7. Cell viabilities after treatment with polyplexes, post-PEGylated with NHS-PEG or NHS-PEG-

folate at 1.5 PEG:NH2 ratio, at a polymer/DNA ratio of 6:1 (w/w), in medium, in folate-rich medium (1 

mM). Polyplexes based on p(DMAEMA) (N/P 5) and BPEI (N/P 6) were used as a reference. 

 

The relative cell viability of cells incubated with the (un)coated polyplexes 

is shown in Figure 7. This figure shows that the uncoated polyplexes displayed a 

high cell viability (0.8) at a polymer/DNA ratio of 6 and conjugation with PEG or 

PEG-folate does not alter the cell viability of the gene carrier. For other polymers 

an increase of cell viability has been observed when polyplexes were coated, but 

probably because of the low toxicity of the uncoated polyphosphazene polyplexes 

we do not observe this effect [27,33]. 
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Confocal Laser Scanning Microscopy (CLSM).  

The cellular association and internalization of the polyplexes was studied 

using CLSM and fluorescently labeled plasmid. OVCAR-3 cells were incubated 

with different polyplexes, either uncoated, PEGylated or folate targeted, with a 

polyphosphazene /plasmid ratio of 6:1 for one hour at 37 °C. The results are shown 

in Figure 8. Fluorescence is observed at the cell membrane as well as in the 

cytosol of the cells when they were incubated with uncoated polyplexes, indicating 

cell association and cell internalization (Figure 8A). This is in line with previous 

papers in which it is shown that positively charged polyplexes are able to bind to 

and be taken up by cells [32]. For the PEGylated phosphazene polyplexes less 

intense fluorescence was observed both at the cell membrane and in the cytosol 

(Figure 8B), which points to lower non-specific interaction between the PEGylated 

polyplexes and cells as compared to non-coated particles. Lower binding of the 

polyplexes to the cell lead to decrease in cellular uptake of the polyplexes and a 

lower transfection activity, in line with the observations reported in Figure 6. 

Incubation of cells with folate-PEG polyplexes (Figure 8C) caused a more intense 

fluorescence both at the cell membrane and in the cell as compared to the 

PEGylated polyplexes, suggesting more cell association and internalization of the 

targeted polyplexes. PEGylation with folate-PEG restores the cellular uptake of the 

polyplexes, leading to higher transfection levels, as observed in the tranfection 

experiments.  
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8A 

 

8B 

 

8C 

 

Figure 8. CLSM-study of OVCAR-3 cells upon incubation with poly(DMAEA-co-BA)phosphazene /DNA 

6:1 polyplexes for one hour at 37 °C (A), post-PEGylated poly(DMAEA-co-BA)phosphazene /DNA 6:1 

polyplexes (B) and post-PEGylated with folate-PEG poly(DMAEA-co-BA)phosphazene /DNA 6:1 

polyplexes (C). The pictures to the right are the direct transmitted light pictures taken simultaneously 

with the CLSM-pictures. The plasmid DNA was labeled with fluorescein. 
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Polyplex-induced aggregation of erythrocytes.  

Upon intravenous injection of polyplexes, interactions between polyplexes 

and blood components will occur [17,48,49].To study whether PEGylation 

decreases adverse interactions between the polyplexes and erythrocytes, the 

different polyplexes (polymer/plasmid ratio was 6), either uncoated, PEGylated, or 

with PEG-folate, were incubated with erythrocytes and the aggregation was 

monitored visually. Figure 9 shows the haemaglutinating properties of the 

polyplexes when they were incubated with erythrocytes. As a control pDMAEMA-

based polyplexes (polymer/DNA ratio 3:1) were used. The pDMAEMA-based 

polyplexes possessed the strongest erythrocyte aggregating activity as reflected by 

the lowest polymer concentration at which erythrocyte aggregation did not occur 

(0.04 µg/mL). Also the uncoated polyphosphazene-based polyplexes displayed a 

relatively high erythrocyte aggregating activity (0.09 µg/mL). When the 

polyphosphazene-based polyplexes were post-PEGylated with PEG or with PEG-

folate (1.5 equivalents to N) erythrocyte aggregation occurred at an 15 times higher 

polymer concentration as compared to the uncoated polyphosphazene-based 

polyplexes. This shows that PEG indeed effectively shields the positive charge of 

the polyplexes thereby reducing aspecific cellular interactions.  
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Figure 9. Erythrocyte aggregation by different polyplexes. Haemaglutination is expressed as the highest 

polymer concentration at which aggregation was not observed (n=2). 

 

Conclusion.  

We synthesized a new cationic co-polymer polyphosphazene with pendant 

primary and tertiary amine side groups. Polyplexes based on this polymer could be 

post-PEGylation with PEG and PEG-folate, leading to almost neutral nanoparticles. 

We showed that the transfection activity of PEG-folate polyplexes was folate 

receptor-specific. Erythrocyte aggregation was suppressed when the polyplexes 

were PEGylated. Future work will focus on in vivo application of this new polymer. 
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Abstract 

A series of water-soluble polymers with hydrolysable cationic side-groups 

(structure of the monomers are shown in Figure 1) was synthesized and evaluated 

as DNA delivery system. The polymers, except for pHPMA-NHEM, were able to 

condense plasmid DNA into positively charged nanosized particles. The rate of 

hydrolysis at 37 °C and pH 7.4 of the side-groups differed widely: the fastest rate of 

hydrolysis was observed for HPMA-DEAE (half-life of 2 h) while HPMA-DMAPr had 

the lowest rate of hydrolysis (half-life of 70 h). In line with this, pHPMA-DEAE-

based polyplexes showed the fastest destabilization of the polyplexes at 37 °C and 

pH 7.4. Polyplexes based on pHPMA-DEAE, pHPMA-DMAE and pHPMA-MPPM 

showed release of intact DNA within 24 h, 48 h and 48 h after incubation at pH 37 

°C and pH 7.4, respectively. PHPMA-DEAE and pHPMA-MPPM based polyplexes 

showed the highest transfection activity (almost twice as active as pEI). 

Importantly, the pHPMA-DEAE, pHPMA-MPPM and pHPMA-BDMPAP polyplexes 

preserved their transfection activity in the presence of serum proteins. All polymers 

investigated showed a substantial lower in vitro cytotoxicity than pEI. In conclusion, 

pHPMA-based polyplexes are an attractive class of biodegradable vectors for non-

viral gene delivery. 
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Introduction 

Gene therapy aims to treat various forms of diseases with a genetic origin 

including cystic fibrosis, different forms of cancer, and cardiovascular disorders [1-

3]. For the treatment of patients using gene therapy protocols, safe and efficient 

DNA delivery vehicles are needed. The gene delivery vehicles under investigation 

at present can be divided into viral and non-viral systems. The majority of gene 

therapy protocols clinically used in the last decade employs viral delivery systems, 

such as retroviruses, adenoviruses and adeno-associated viruses [4]. However, 

severe drawbacks are associated with the use of viral vectors, like the induction of 

an immune response against the viral proteins, possible recombination with wild-

type viruses, limitations in the size of inserted DNA and difficult large-scale 

pharmaceutical grade production [5,6].  

As an alternative for the viral vectors, cationic lipids and polymers have 

been developed as non-viral carrier systems. Examples of frequently studied 

cationic gene delivery polymers are polyethylenimine (pEI), and poly(2-

dimethylaminoethyl methacrylate) (pDMAEMA), and poly-L-lysine (pLL) [7-10]. 

However, these polymers are either non-biodegradable (pEI and pDMAEMA) or 

show low transfection activity (pLL). Therefore, in recent years, biodegradable 

polycations are designed as DNA delivery vehicles. The potential advantage of 

biodegradable carriers is their reduced toxicity. Moreover, the degradation of the 

polymer can be used as a tool to release the plasmid DNA into the cytosol. It has 

been reported that biodegradable polymers, like poly[α-(4-aminobutyl)-L-glycolic 

acid] (pAGA), poly(2-aminoethyl propylene phosphate) and more recently 

polyphosphazenes and poly(ester amine)s mediate gene transfection [11-16]. 

Generally speaking, these polymers indeed have a lower toxicity than their non-
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degradable counterparts. However, the degradation of these polymers depends on 

the degradation of the polymer backbone and is rather slow (from days to months). 

Since the cellular uptake and endosomal escape of polyplexes takes place within 

hours [17] the design of polymers with more rapid degradation kinetics is a logical 

step. Pack et al. [18] reported on degradable pEI derivatives, which had half-lives 

between 4 h and 30 h. However, the degradation rate of the polymers was the 

same under conditions mimicking cytoplasmic and endosomal conditions. 

Recently, Funhoff et al. [19] reported on a novel polymer, poly(carbonic acid 2-

dimethylamino-ethyl ester 1-methyl-2-(2-methacryloylamino)-ethyl ester) (pHPMA-

DMAE) that has degradable cationic side-groups with a half-life of around ten hours 

at pH 7.4 at 37 °C. Moreover, this polymer is rather stable at pH 5, therefore 

protecting the plasmid DNA in the endosomal compartment of the cell against 

DNA’ase induced degradation. A limitation of pHPMA-DMAE is that it only shows 

significant transfection in the absence of serum. 

The aim of this study is to investigate whether a polymer with hydrolysis-

sensitive cationic side groups could be developed which shows significant 

transfection in the presence of serum. It has been reported that structural variations 

in gene delivery polymers can have a significant impact on their transfection 

efficacy [9,20,21]. Therefore, a series of polymers with structures related to 

pHPMA-DMAE was synthesized and characterized. The corresponding polyplexes 

were studied for their destabilization behavior and evaluated in vitro for their 

transfection activities and cytotoxicity properties.  
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Materials and Methods 

 

Materials.  

The following materials were used as received: D,L-1-amino-2-propanol 

99+%,1-methyl-2-piperidine methanol (MPPM), N-(2-hydroxyethyl) morpholine 

(NHEM), N,N-diethylaminoethanol (DEAE), 1,1’-carbonyldiimidazole (CDI) (all 

purchased from Acros, Geel, Belgium). N,N-dimethylaminoethanol (DMAE), 1-

[Bis[3-(dimethylamino)propyl]amino]-2-propanol (BDMPAP), N,N-

dimethylaminopropanol (DMAPr) (all purchased from Aldrich, Zwijndrecht, The 

Netherlands). Hydroquinone monomethylether and poly(L-aspartic acid), p(Asp) 

(p5387) were purchased from Sigma (Zwijndrecht, The Netherlands). Methacryloyl 

chloride (97%, Fluka, Zwijndrecht, The Netherlands) was freshly distilled before 

use. The plasmid pCMVLacZ, containing a bacterial LacZ gene preceded by a 

nuclear localization signal under control of a CMV promoter, was purchased from 

Sanvertech (Heerhugowaard, The Netherlands). INF-7, a 24 amino acid containing 

peptide with fusogenic activity derived from the influenza virus, was synthesized via 

standard Fmoc solid-phase synthesis [22]. Poly((dimethylamino)ethyl methacrylate) 

(pDMAEMA, Mn 92 kg/mol) was synthesized via radical polymerization [23], and 

PEI (branched 25 kDa) was purchased from Sigma. N-(2-

hydroxypropyl)methacrylamide (HPMA) was synthesized according to Oupicky et 

al. [24]. 

 

Monomer synthesis. 

A dry round-bottom flask was filled with 1,1’-carbonyldiimidazole (CDI) 

(6.84 g, 45.0 mmol) and 40 mL dichloromethane. The different alcohols (25.0 
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mmol) (Table 1) were added dropwise over a period of 15 minutes to the 

suspension of CDI in dichloromethane. During the addition of the alcohol a clear 

solution was obtained, which was stirred for two hours at room temperature. Next, 

the reaction mixture was washed with water (70 mL), dried over MgSO4, filtered 

and the solvent was removed under reduced pressure, yielding the corresponding 

carbamates as colorless oils. The 1H NMR data of the carbamates are shown 

below: 

DMAE-CI: 1H NMR (CDCl3, δ in ppm): 8.12 (s, 1H, NCHN), 7.40 (s, 1H, NCHCHN), 

7.04(s, 1H, NCHCHN), 4,48 (t, 2H, OCH2), 2,68 (t, 2H, CH2N), 2,29 (s 6H, N(CH3)2) 

DEAE-CI: 1H NMR (CDCl3, δ in ppm): 8.14 (s, 1H, NCHN), 7.43 (s, 1H, NCHCHN), 

7.06(s, 1H, NCHCHN), 4.48 (t, 2H, OCH2), 2.82 (t, 2H, CH2N), 2.62 (dq, 4H, 

N(CH2)2), 1.04 (dt, 6H, N(CH2CH3)2) 

MPPM-CI: 1H NMR (CDCl3, δ in ppm): 8.13 (s, 1H, NCHN), 7.41 (s, 1H, NCHCHN), 

7.04(s, 1H, NCHCHN), 4.48 (t, 2H, OCH2), 2.80 (m, 1H, OCH2CHN), 2.37 (s, 3H, 

CH3N), 2.23 (m, 2H, CH2-ring), 1.65 (m, 6H, CH2-ring)  

DMAPr-CI: 1H NMR (CDCl3, δ in ppm): 8.14 (s, 1H, NCHN), 7.42 (s, 1H, 

NCHCHN), 7.08 (s, 1H, NCHCHN), 4.49 (t, 2H, OCH2), 2.45 (t, 2H, CH2N), 2.29 (s 

6H, N(CH3)2), 2.01 (quintet, 2H, (CH2CH2CH2) 

BDMPAP-CI: 1H NMR (CDCl3, δ in ppm): 8.13 (s, 1H, NCHN), 7.43 (s, 1H, 

NCHCHN), 7.06(s, 1H, NCHCHN), 5.21 (m, 1H, OCHCH3), 2.71 (bs, 2H, 

OCH(CH3)CH2N ), 2.52 (m 4H, CH2N((CH2)3N(CH3)2)2), 2.43 (m, 4H, 

CH2CH2CH2N(CH3)2)2), 2.24 (bs 12H, N((CH2)3N(CH3)2)2), 1.57 (m, 4H, 

CH2N(CH2CH2CH2N(CH3)2)2), 1.37 (d, 3H, OCHCH3) 
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NHEM-CI: 1H NMR (CDCl3, δ in ppm): 8.15 (s, 1H, NCHN), 7.44 (s, 1H, NCHCHN), 

7.09(s, 1H, NCHCHN), 4.58 (t, 2H, OCH2), 3.74 (bs, 4H, (CH2)2O), 2.81 (t, 2H, 

CH2N), 260 (bs, 4H, N(CH2)2),  

 

In the next step the carbamate was dissolved in toluene (10 mL) and p-

methoxyphenol (10 mg) was added as an inhibitor to prevent premature 

polymerization. HPMA (1.1 equivalent) in toluene (10 mL) was added and the 

reaction mixture was stirred overnight at 80 °C and subsequently the solvent was 

removed under reduced pressure. The product was purified using silica flash 

column chromatography (eluens one: EtOAc, used to remove the inhibitor (Rf 0.9) 

and free HPMA (Rf 0.4), followed by eluens two (MeOH/CH2Cl2 (1/9 v/v) that was 

used to elute the product from the column. The 1H NMR data of the monomers are 

shown below: 

HPMA-DMAE; 1H NMR (CDCl3, δ in ppm): 6.40 (bs, 1H, CONHCH2), 5.73 (s 1H, 

H2C=C), 5.34 (s 1H, H2C=C), 4.86 (m, 1H, CH2CH(CH3)O), 4.20 (m, 2H, s 

OCH2CH2), 3.60 (m, 2H, CH2CH(CH3)O), 2.74 (t, 2H, OCH2CH2N), 2.40 (s, 6H, 

N(CH3)2), 1.97 (s, 3H, CH2=CCH3), 1.30 (d, 3H, CH2CH(CH3)O) 

HPMA-DEAE: 1H NMR (CDCl3, δ in ppm): 6.60 (bs, 1H, CONHCH2), 5.73 (s 1H, 

H2C=C), 5.34 (s 1H, H2C=C), 4.86 (m, 1H, CH2CH(CH3)O), 4.30 (m, 2H, s 

OCH2CH2), 3.60 (m, 2H, CH2CH(CH3)O), 2.92 (t, 2H, OCH2CH2N), 2.78 (q, 2H, 

N(CH2)2), 2.57 (q, 2H, N(CH2)2), 1.97 (s, 3H, CH2=CCH3), 1.27 (d, 3H, 

CH2CH(CH3)O), 1.18 (t, 3H, N(CH2CH3)2), 1.04 (t, 3H, N(CH2CH3)2) 

HPMA-MPPM: 1H NMR (CDCl3, δ in ppm): 6.40 (bs, 1H, CONHCH2), 5.70 (s 1H, 

H2C=C), 5.34 (s 1H, H2C=C), 4.86 (m, 1H, CH2CH(CH3)O), 4.20 (m, 2H, s 

148 



OCH2CH2), 3.60 (m, 2H, CH2CH(CH3)O), 2.86 (m, 1H, OCH2CHN), 2.40 (s, 3H, 

NCH3), 2.20 (m, 2H, CH2-ring), 1.96 (s, 3H, CH2=CCH3), 1.60 (m, 6H, CH2-ring) 

1.30 (d, 3H, CH2CH(CH3)O) 

HPMA-DMAPr: 1H NMR (CDCl3, δ in ppm): 6.50 (bs, 1H, CONHCH2), 5.70 (s 1H, 

H2C=C), 5.36 (s 1H, H2C=C), 4.88 (m, 1H, CH2CH(CH3)O), 4.10 (m, 2H, s 

OCH2CH2), 3.60 (m, 2H, CH2CH(CH3)O), 2.48 (t, 2H, OCH2CH2CH2N), 2.35 (s, 6H, 

N(CH3)2), 1.97 (s, 3H, CH2=CCH3), 1.80 (m, 2H, (CH2CH2CH2), 1.27 (d, 3H, 

CH2CH(CH3)O) 

HPMA-BDMPAP: 1H NMR (CDCl3, δ in ppm): 6.60 (bs, 1H, CONHCH2), 5.73 (s 1H, 

H2C=C), 5.47 (s 1H, H2C=C), 4.85 (m, 3H, CH2CH(CH3)O, OCHCH3), 3.60 (m, 2H, 

NCH2CH(CH3)O), 2.50 (m, 10H, CH2N((CH2)3N(CH3)2)2, 

CH2N(CH2CH2CH2N(CH3)2)2), 2.25 (m, 12H, N((CH2)3N(CH3)2)2), 1.95 (s, 3H, 

CH2=CCH3), 1.65 (m, 4H, CH2N(CH2CH2CH2N(CH3)2)2), 1.26(m, 6H, 

CH2CH(CH3)O, OCHCH3) 

HPMA-NHEM: 1H NMR (CDCl3, δ in ppm): 6.80 (bs, 1H, CONHCH2), 5.58 (s 1H, 

H2C=C), 5.23 (s 1H, H2C=C), 4.80 (m, 1H, CH2CH(CH3)O), 4.14 (m, 2H, CH2CH2), 

3.74 (bs, 4H, (CH2)2O), 3.60 (m, 2H, CH2CH(CH3)O), 2.81 (m, 2H, CH2N), 260 (bs, 

4H, N(CH2)2), 1.95 (s, 3H, CH2=CCH3), 1.27 (d, 3H, CH2CH(CH3)O) 

 

Polymer synthesis. 

The different monomers (3.2 mmol) were dissolved in dry dioxane (total 

volume 2 mL) in a glass vial. Then 2,2’-azo-bis(isobutyronitrile (AIBN) (1.2 mg, M/I 

= 400 (mol/mol) was added and the vial was capped, degassed and extensively 

flushed with nitrogen. The reaction mixture was heated to 70 °C and stirred at this 
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temperature for 16 hours. Next, the reaction mixture was diluted with 20 mM 

ammonium acetate buffer pH 5 and dialyzed with a Spectra/Por membrane MWCO 

3500 (SPECTRUM, Breda, The Netherlands) against  the same buffer for three 

days. After dialysis the solution was freeze dried and the polymer was obtained as 

a white fluffy material. 

 

pKa Measurements. 

The pKa values of monomers and polymers were determined by titration 

with a Mettler Toledo DL21 Titrator (Mettler Toledo, Tiel, The Netherlands). The 

compounds were dissolved in 0.9 w/v % NaCl solutions (concentration of 0.2-0.3 

w/v %), acidified with 0.1 M HCl and titrated with 0.25 M NaOH. 

 

Hydrolysis of the monomers.  

The different monomers (100 mg) were dissolved in 100 mM 4-(2-

hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES), adjusted to 150 mM with 

NaCl, pH 7.4, or 100 mM sodium acetate, adjusted to 150 mM with NaCl, pH 5.0. 

The solutions were incubated at 37 °C and samples were withdrawn at regular time 

intervals and immediately measured using RP-HPLC. The RP-HPLC system 

consisted of a Waters pump model 515 (Waters Associates, Milford, MA, USA), 

Spark Marathon Basic+ injector (Spark, Emmen, The Netherlands) and a LKB 

2151 UV detector (LKB, Roosendaal, The Netherlands) set at 210 nm. The 

columns used were a Merck LiChrosphere 100 (Merck, Darmstadt, Germany) RP-

18 column (5 µm, 125 × 4 mm i.d.) and a RP-18 guard column (4 × 4 mm). The 

mobile phase consisted of a water–acetonitrile 95/5 (w/w) solution completed with 
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10 mM triethylamine and brought to pH 2 with TFA. The flow rate was 1 ml/min; the 

injection volume was 20 µl. 

 

GPC measurements.  

Weight average molecular weight (Mw) and number average molecular 

weight (Mn) of the synthesized polymers were determined by gel permeation 

chromatography (GPC), performed with three thermostated (35 °C) columns in 

series (Shodex OHpak SB-G and  two SB-806M HQ, Showa Denko, Kawasaki, 

Japan) on a Waters HPLC system, consisting of a controller (type 600), auto 

sampler (type 717plus), tunable absorbance detector (type 486), and a differential 

refractometer (type 410) (Waters, Milford MA, USA). Data were analyzed with 

empower pro software (Waters, Milford MA, USA). The eluent was an aqueous 

solution of 0.3 M NaAc, pH 4.4, at a flow rate of 0.5 mL/min [25]. The columns were 

calibrated with PEG standards (Fluka).  

 

Size and charge measurements of the polyplexes.  

Z-Average diameter of the polymer/plasmid DNA complexes were 

measured by dynamic light scattering (DLS) using a Malvern ALV CGS-3 system 

equipped with an argon-ion laser (488 nm 10.4 mW) (uniphase). The ALV 

correlator software in combination with DTS(Nano) and ALVFilereader software 

was used. The instrument was calibrated with 100 nm poly(styrene) particles 

dispersed in water. In a typical experiment, 200 µl of HEPES buffer (5.0 mM, pH 

7.4, adjusted to 150 mM with NaCl), containing 15 µg of plasmid DNA was added 

to 800 µl of HEPES buffer (5.0 mM, pH 7.4, adjusted to 150 mM with NaCl), with 

various amounts of polymer. The resulting solution was vortexed for 5 s and after 
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30 min incubation time at room temperature the size of the polyplexes was 

determined using DLS at 25 °C. 

The ζ-potential of the polyplexes was measured at 25 °C using a Zetasizer 

2000 unit (Malvern) equipped with a DTS5001 cell. The instrument was calibrated 

using a poly(styrene) dispersion with a known ζ -potential. In a typical experiment, 

200 µl of HEPES buffer (5.0 mM, pH 7.4), containing 15 µg of plasmid DNA was 

added to 800 µl of HEPES buffer (5.0 mM, pH 7.4) with various amounts of 

polymer. The resulting solution was vortexed for 5 s and after 30 min incubation 

time at room temperature the surface charge properties of the polyplexes was 

determined. 

 

Polyplex Destabilization Studied with DLS.  

Polyplexes of the polymers and plasmid DNA were made at a 

polymer/DNA (w/w) ratio of 12 (corresponding to a N/P ratio of 14 and in the case 

of pHPMA-BDMPAP 28), either in 10 mM HEPES pH 7.4 or 10 mM acetate buffer 

pH 5, ionic strength adjusted to 150 mM with NaCl. The size of the polyplexes at 37 

°C was monitored in time using DLS. 

 

Polyplex Destabilization Studied with Agarose Gel Electrophoresis.  

Polyplexes were made by mixing 10 µl of plasmid solution, 200 µg/ml, with 

40 µl of polymer solution, 200 µg/ml, corresponding with a polymer/DNA (w/w) ratio 

of 12 and incubated for 30 minutes at room temperature. The buffers used were 10 

mM HEPES pH 7.4 and 10 mM sodium acetate pH 5; ionic strength adjusted to 

150 mM with NaCl. The polyplex dispersions were subsequently incubated at 37 
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°C for 0, 2, 4, 7, 24, or 48 h. After cooling down to room temperature, 10 µl of the 

corresponding buffer and 3 µl of sample buffer (0.4% w/v bromophenol blue, 10 

mM EDTA, 50% v/v glycerol in water) were added to 20 µl of each polyplex 

dispersion. Thirty microliters of these solutions were applied onto a 0.7% agarose 

gel containing 0.5 µg/ml ethidium bromide and the gels were run at 100 V [26].  

 

Transfection Studies.  

Transfection studies were done in COS-7 cells as described previously 

using pCMVLacZ as reporter gene [23]. In brief, 96-well plates were seeded with 

cells at a density of 3 × 104 /cm2 24 h before transfection. Polyplexes were 

prepared as follows: 150 µl of polymer solution (various concentrations) was added 

to 50 µl of plasmid solution (50 µg/ml), and after incubation for 30 minutes at room 

temperature, 50 µl of either buffer or INF-7 solution (150 µg/ml) was added, and 

the polyplexes were incubated for another 15 min before addition to the cells. After 

rinsing the cells with HBS, 100 µl of polyplex dispersion and 100 µl of culture 

medium (with or without 10% serum) were incubated with the cells for 1 h. After 

removal of the polyplex dispersion, fresh culture medium was added, and the cells 

were incubated for another 48 h. All transfection experiments were performed in 

two identical series in separate 96-well plates. One series was tested for reporter 

gene expression (β- galactosidase) by ONPG colorimetric assay; the other series 

was used to determine the number of viable cells using an XTT colorimetric assay. 

Transfection efficiencies were normalized to that of pDMAEMA polyplexes 

(polymer/DNA ratio of 3/1) in the presence of serum. For comparison, the 

transfection activity of polyplexes of PEI (branched, 25 kDa) in the presence of 5% 

serum was also measured.  
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Fluorescence Measurements.  

The binding of the cationic polymers to DNA was examined by the 

fluorescence quenching of ethidium bromide [27]. Ethidium bromide was added at 

a 1:10 molar ratio to DNA phosphates in 20 mM HBS (20 mM HEPES buffer (pH 

7.4), containing 150 mM NaCl). Polyplexes were formed at different polymer/DNA 

ratios by vortexing solutions of known concentration of DNA/ethidium bromide and 

polymer in 20 mM HBS (final concentration of DNA: 2.5 µg/mL), followed by 

incubation at room temperature for 30 min. The fluorescence was measured using 

a Spex Fluorolog III spectrofluorimeter (Spex, Edison, USA). The excitation and 

emission wavelengths were 520 nm and 600 nm, respectively. The excitation and 

emission slit widths were set at 1.26 nm and at 4.52 nm, respectively. The relative 

fluorescence (Fr) values were calculated as follows: 

Fr = (Fobs – Fe)/(F0 – Fe) 

Where Fobs is the measured fluorescence, Fe is the fluorescence of ethidium 

bromide in the absence of DNA and F0 is the initial fluorescence of DNA/ethidium 

bromide in the absence of a cationic polymer. Dissociation of polyplexes was 

studied by measuring the fluorescence 30 minutes after addition of p(Asp) (final 

concentration 100 µg/mL)is [26]. 
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Results and Discussion 

 

Synthesis and characterization of the different monomers and polymers.  

The synthesis of the monomers was performed in two steps. In the first 

step, the amino alcohols DMAE, DEAE, DMAPr, MPPM, BDMPAP and NHEM 

were activated with 1,1’-carbonyldiimidazole. The corresponding carbamates were 

obtained in a good yield (70-90%) and good purity (>97% by NMR). Funhoff et al. 

[19] reported the synthesis of HPMA-DMAE with 5 days reaction time at room 

temperature for the second step. However, this method was not successful for 

some of the monomers e.g. HPMA-BDMPAP, and HPMA-NHEM. Therefore, the 

second reaction (coupling of HPMA and CI-activated alcohol) was done in toluene 

overnight at 80 °C instead in dichloromethane at room temperature for five days. 

Under these conditions all monomers were successfully synthesized (Figure 1, 

Table 1). 
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Figure 1. Chemical structures of the synthesized monomers 
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Table 1. Overview of results of the synthesis and polymerization of the monomers, the molecular mass 

of the synthesized polymers and pKa values of the monomers and polymers and the monomers 

Monomer Amount 

of 

alcohol 

(mL)a

Yield 

monomer 

over two 

steps 

pKa 

monomer 

in NaClb

Mw of 

polymer 

(kDa)  

Mn of 

polymer 

(kDa)  

Average 

pKa of 

polymer 

in NaClb

Yield of 

polymer 

HPMA-

DMAE 

2.50 2.70 g 

(42%) 

9.9 100 50 9.5  600 mg 

(72%) 

HPMA-

DEAE 

3.50 2.86 g 

(40%) 

9.8 40 20 8.7 605 mg 

(66%) 

HPMA-

DMAPr 

3.00 3.75 g 

(55%) 

8.1 60 15 7.1 655 mg 

(75%) 

HPMA-

MPPM 

3.50 3.73 g 

(50%) 

9.7 25 10 9.3 649 mg 

(68%) 

HPMA-

BDMPAP 

7.00 3.11 g 

(30%) 

5.8, 8.1, 

8.9 

70 25 7.0 796 mg 

(60%) 

HPMA-

NHEM 

3.00 3.90 g 

(52%) 

9.3 90 40 9.1 673 mg 

(70%) 

a 25 mmol of alcohol used in the first step of the monomer synthesis. b µ = 0.15 M. 

 

Radical polymerization of the monomers was performed in freshly distilled 

dioxane using AIBN as initiator and the resulting polymers were obtained in good 

yields (60-75%). The weight-average molecular weight (Mw) and the number-

average molecular weight (Mn) of the polymers are given in Table 1. The Mw of the 

polymers was between 25-100 kDa and the Mn of the polymers was between 10-50 

kDa. Furthermore, Table 1 shows the pKa’s of the monomers and the average 

pKa’s of the polymers (which is defined as the pH at which 50% of the amine 

groups of the polymers is protonated). Since the pKa of PHPMA-DBMPAP and 
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pHPMA-DMAPr is around 7.0 these polymers have, in contrast to the other 

synthesized polymers (pKa’s ranging from 8.7 to 9.5) have higher buffer capacities 

in the endosomal vesicles.  

 

Hydrolysis of the Monomers.  

The hydrolysis kinetics of the monomers at 37 °C were studied with RP-

HPLC. The kobs for the hydrolysis of the monomer was calculated by plotting the 

natural logarithm of the peak areas of the monomer divided by the peak area at 

time zero of the monomer versus the time using a linear fit. Table 2 gives the 

results. By far the fastest hydrolysis is observed for HPMA-DEAE (half-life 2 hours). 

HPMA-DMAE and HPMA-MPPM are more stable with a half-life of around 10 

hours. As expected, the half-live of HPMA-BDMPAP is much longer (40 hours) 

since the carbonate function originates from two secondary alcohols instead of one 

as in the case of the other monomers. The long half-lives of HPMA-DMAPr (79 

hours) and HPMA-NHEM (40 hours) are not fully understood at this moment and 

needs further investigation.  
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Table 2. Monomer hydrolysis at 37 °C and pH 7.4 

Monomer kobs (h-1) t1/2 (h) 

HPMA-DMAE  6.2×10-2 ± 5.6×10-4 11 ± 0.1 

HPMA-DEAE 3.0×10-1 ± 2.1×10-2 2.3 ± 0.2 

HPMA-DMAPr 8.8×10-3 ± 1.4×10-4 79 ± 1.2 

HPMA-MPPM 7.0×10-2 ± 9.1×10-4 10 ± 0.1 

HPMA-NHEM 2.4×10-2 ± 9.2×10-5 29 ± 0.1 

HPMA-BDMPAP 1.6×10-2 ± 1.4×10-4 43 ± 0.4 

 

Particle Size and ζ-Potential Measurements.  

pHPMA-DMAE, pHPMA-DEAE, pHPMA-MPPM, pHPMA-DMAPr and 

pHPMA-BDMPAP were all capable of condensing DNA into positively charged 

nanoparticles (size between 120-200 nm) under physiological conditions. The ζ-

potentials of these polyplexes were all between 20-30 mV (Table 3). Although, 1H-

NMR showed no degradation of the polymer, pHPMA-NHEM was unable to 

condense DNA; the addition of pHPMA-NHEM to plasmid DNA resulted in the 

formation of large aggregates.  
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Table 3. The particle size (diameter) and ζ-potential of the polyplexes at the polymer/DNA ratio of 12 

(w/w) in HBS buffer (5.0 mM, pH 7.4, adjusted to 150 mM with NaCl) and HEPES buffer (5.0 mM, pH 

7.4), respectively.  

Polymer z- average (nm) ζ-potential (mV) 

PHPMA-DMAE 169 ± 3 30 ± 2 

PHPMA-DEAE 200 ± 2 35 ± 2 

PHPMA-DMAPr 142 ± 3 25 ± 4 

PHPMA-MPPM 117 ± 2 20 ± 2 

PHPMA-BDMPAP 136 ± 3 35 ± 3 

PHPMA-NHEM aggregates -17 ± 1 

 

Polyplex Destabilization Studied with DLS.  

The (in)stability of the polyplexes was investigated by dynamic light 

scattering at 37 °C at both pH 7.4 and pH 5.0 (Figure 2A and 2B). At pH 5.0 the 

size of the polyplexes remained constant for at least 16 hours. The polyplexes 

based on pHPMA-DMAE, pHPMA-MPPM and pHPMA-DEAE increased in size at 

pH 7.4 and 37 °C (Figure 2A) in time. This can be explained by hydrolysis of the 

side-chains. Due to this hydrolysis, the charge density of the polymer decreased, 

leading to a decreased binding and condensing capacity of the polymer which 

results in swelling and aggregation of the polyplexes. The results are consistent 

with those of the monomer hydrolysis. HPMA-DEAE, the monomer with shortest 

hydrolysis half-life at pH 7.4, gave the fastest polyplex destabilization (Figure 2A). 

The monomers with long hydrolysis half-lives e.g. pHPMA-BDMPAP and pHPMA-

DMAPr, lead to polyplexes which were stable at pH 7.4 for more than 16 hours. 

Beyond 13 h and at pH 7.4, complex aggregation and precipitation made accurate 
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DLS measurements impossible for pHPMA-DMAE and pHPMA-MPPM based 

polyplexes.  
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Figure 2A. The destabilization of polyplexes studied with DLS at 37 °C, adjusted to 150 mM with NaCl 

at pH 7.4. The polymer/DNA ratio is 12 (w/w).  
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Figure 2B. The destabilization of polyplexes studied with DLS at 37 °C, adjusted to 150 mM with NaCl 

at pH 5.0. The polymer/DNA ratio is 12 (w/w). 
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Polyplex Destabilization Studied with Agarose Gel Electrophoresis.  

To investigate whether plasmid DNA can be released from the polyplexes 

by side-chain hydrolysis of the polymers, polyplexes were incubated at 37 °C at pH 

7.4 up to 48 hours (Figure 3A). This Figure shows that after 7 hours of incubation 

and independent of the polyplex formulation all the plasmid DNA remained in the 

starting slots, indicating that the polymers are still complexed with DNA. After 24 

hours pHPMA-DEAE showed release of intact DNA; after 48 hours pHPMA-DMAE 

and pHPMA-MPPM also showed release of DNA. PHPMA-BDMPAP and pHPMA-

DMAPr showed no release of DNA in the time frame studied. As a control 

polyplexes were incubated at 37 °C at pH 5.0 up to 48 hours (Figure 3B).  

 

Figure 3A. Agarose gel electrophoresis of polyplexes incubated at 37 °C at different time intervals at pH 

7.4. (A).lanes 1, 20, 34: free DNA; lanes 2-7: pHPMA-DMAE based polyplexes for 48, 24, 7, 4, 2, 0 

hours; lanes 8-13: pHPMA-DEAE based polyplexes for 48, 24, 7, 4, 2, 0 hours; lanes 14-19: pHPMA-

DMAPr based polyplexes for 48, 24, 7, 4, 2, 0 hours; lanes 21-26: pHPMA-BDMPAP based polyplexes 

for 48, 24, 7, 4, 2, 0 hours; lanes 27-32: pHPMA-MPPM based polyplexes for 48, 24, 7, 4, 2, 0 hours; 

lane 33: empty; lane 35: pDMAEMA based polyplexes (3/1) as control. 
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Figure 3B. Gel electrophoresis of polyplexes incubated at 37 °C at different time intervals at pH 5.0 

(B).lanes 32, 33: free DNA; lanes 1-6: pHPMA-DMAE based polyplexes for 48, 24, 7, 4, 2, 0 hours; 

lanes 7-12: pHPMA-DEAE based polyplexes for 48, 24, 7, 4, 2, 0 hours; lanes 13-18: pHPMA-DMAPr 

based polyplexes for 48, 24, 7, 4, 2, 0 hours; lanes 19-24: pHPMA-BDMPAP based polyplexes for 48, 

24, 7, 4, 2, 0 hours; lanes 25-30: pHPMA-MPPM based polyplexes for 48, 24, 7, 4, 2, 0 hours; lane 31: 

marker; lane 34: pDMAEMA based polyplexes (3/1) as control; lanes 35, 36: empty. 

 

Under these conditions no release of DNA was observed from the 

polyplexes. The results obtained in the agarose gel study are in line with the results 

obtained with the destabilization of the polyplexes as studied with DLS. The 

polymer with the fastest destabilization at pH 7.4 and 37 °C, pHPMA-DEAE, also 

shows the fastest release of DNA (Figure 3). PHPMA-DMAE and pHPMA-MPPM 

both show similar release of plasmid DNA and also have similar destabilization 
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curves and hydrolysis rates. Polyplexes of the polymers with long half-lives, e.g. 

pHPMA-BDMPAP and pHPMA-DMAPr, did not release plasmid DNA within the 

timeframe studied. The results further suggest that partial degraded polymers are 

still capable of complexing DNA since the hydrolysis rate of the polymer is much 

faster than the DNA release. 

 

Fluorescence Measurements.  

The binding of the polymers to plasmid DNA was studied using ethidium 

bromide fluorescence measurements (Table 4). This Table shows that all the 

polymers quenched the plasmid DNA/ethidium bromide fluorescence, except for 

pHPMA-NHEM.  

Table 4. The fluorescence of ethidium bromide/plasmida incubated with different cationic polymers. 

Polymer Relative fluorescence before 

the addition of p(Asp)b

Relative fluorescence after the 

addition of p(Asp)b,c

PHPMA-DMAE 0.64 ± 0.03 0.84 ± 0.04 

PHPMA-DEAE 0.77 ± 0.03 0.80 ± 0.03 

PHPMA-DMAPr 0.63 ± 0.05 0.88 ± 0.05 

PHPMA-MPPM 0.74 ± 0.03 0.81 ± 0.02 

PHPMA-BDMPAP 0.61 ± 0.06 0.96 ± 0.05 

PHPMA-NHEM 0.98 ± 0.14 1.00 ± 0.10 

PDMAEMAd 0.42 ± 0.02 0.81 ± 0.03 

PLLd 0.08 ± 0.02 0.27 ± 0.09 

a Concentration of plasmid 2.5 µg/mL, ethidium bromide/DNA phosphate 1:10 (mole/mole). 

b Relative fluorescence measured at a polymer/DNA ratio of 12. 

c Final concentration of p(Asp) 100 µg/mL. 

d reference 14 
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This result is in line with the DLS data where we also found that pHPMA-

NHEM did not complex the DNA. PDMAEMA, and pLL showed more quenching 

than the HPMA-polymers indicating a stronger binding of former mentioned 

polymers to the plasmid DNA. Of the different HPMA polymers, pHPMA-DMAE, 

pHPMA-DMAPr, and pHPMA-BDMPAP showed the strongest quenching 

suggesting the strongest binding of the polymer to the plasmid DNA. The addition 

of p(Asp) to the polyplexes caused little effect on the DNA/ethidium bromide 

fluorescence intensity of pHPMA-DEAE and pHPMA-MPPM. In contrast, for the 

other polymers Pasp caused a substantial increase in the DNA/ethidium bromide 

fluorescence intensity. This indicates that the polyplexes based on pHPMA-DEAE 

and pHPMA-MPPM are more resistant towards destabilization by anionic 

macromolecules than the polyplexes based on the other polymers.  

 

Transfection Activity and Cell viability Studies.  

The in vitro transfection properties of the polyplexes were studied with the 

COS-7 cell line (Figure 4, 5A and 5B). As a representative example, Figure 4 

shows the transfection activity of pHPMA-MPPM based polyplexes in the presence 

and the absence of INF-7 peptide. Without the addition of the endosomal 

membrane disrupting INF-7 peptide to the polyplex dispersion low transfection 

activity was observed. However, when INF-7 peptide was added to the polyplex 

dispersion high levels of transfection were observed, as reported previously for 

pHPMA-DMAE [19]. The low transfection activity of the polyplexes in the absence 

of INF indicates that the polyplexes are unable to destabilize endosomal vesicles. 

PHPMA-BDMPAP, in spite of its buffering capacity, also needed the addition of 

INF-7 peptide to escape from the endosome. This has been observed previously 
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by Funhoff et al. [28] for pDAMA polymers and leads to further indications that the 

proton sponge hypothesis [29] is not generally valid.  
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Figure 4. The transfection activity of pHPMA-MPPM based polyplexes with and without INF-7 peptide 

and in the presence of serum. Values are relative to pDMAEMA/plasmid DNA 3:1 (w/w). β-

galactosidase activity was determined using ONPG as substrate [27].   
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Figure 5A. The transfection activity (5A) and cell viability of the polyplexes in the presence of serum 

(5%) and in the presence of INF-7 peptide. Values are relative to pDMAEMA/plasmid DNA 3:1 (w/w). β-

galactosidase activity was determined using ONPG as substrate [26]. The transfection activity and cell 

viability of 25 kDa branched pEI-based polyplexes in the presence of serum (5%) is also shown. 
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Figure 5B. The transfection activity and cell viability of the polyplexes in the absence of 

serum and in the presence of INF-7 peptide. Values are relative to pDMAEMA/plasmid DNA 3:1 (w/w). 

β-galactosidase activity was determined using ONPG as substrate [26]. 

 

Figures 5A and 5B show the transfection activity and cytotoxicity of the 

different polyplexes in the presence of INF-7 peptide and in the presence and the 

absence of serum. PHPMA-DMAPr based polyplexes, like pHPMA-DMAE based 
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polyplexes, only show efficient gene expression in the absence of serum. PHPMA-

DEAE and pHPMA-MPPM polyplexes were twice as active as pHPMA-DMAE 

polyplexes in the absence of serum. PHPMA-DEAE, pHPMA-MPPM and pHPMA-

BDMPAP based polyplexes showed similar transfection levels in the presence and 

absence of serum and suggest that these polyplexes, in contrast to pHPMA-DMAE 

based polyplexes [19], are stable towards serum. The presence of serum proteins 

can lead to a decrease in transfection activity due to destabilization and/or 

aggregation of the polyplexes [19,30,31]. The pHPMA-DEAE and pHPMA-MPPM 

polyplexes were also twice as active as the well-known transfectants pDMAEMA 

and pEI in the presence of serum proteins (Figure 5A).  

The IC50 (defined as the concentration resulting in 50% inhibitory activity 

(cell death)) for the pHPMA-based polyplexes was between 12-96 µg/ml in the 

presence of serum (Figure 5A), whereas the IC50 for the polyplexes with non-

degradable polymers, like pDMAEMA and pEI was around 5 µg/ml [14,32]. The 

toxicity of the polyplexes was lower in the presence of serum than in the absence 

of serum (Figure 5B). The serum proteins likely mask cationic surface of the 

polyplexes and thereby reducing the toxicity [14]. The maximum transfection 

efficiency of the different polyplexes was observed at 50-80% cell viability as 

described before for other polymeric carrier systems [14,22].  

Potentially limiting barriers to efficient gene transfer include endocytosis, 

escape from endosome into the cytoplasm, cytoplasmic mobility, transport across 

the nuclear membrane and release of the plasmid DNA [33,34]. Successful 

polymeric transfectants have to overcome all these different barriers in the different 

stages of transfection pathway. The polymer with the highest overall transfection 

activity is the polymer with the best average over all these barriers. Therefore, 
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polymers with different physical properties like pHPMA-DMAE, pHPMA-BDMPAP 

and pHPMA-DMAPr can have similar transfection properties and polymers with 

similar physical properties can have different transfection properties. For example, 

pHPMA-DMAE and pHPMA-MPPM have similar pKa’s, similar half-lives and similar 

polyplex destabilization characteristics, however, their transfection and cell viability 

properties differed widely, indicating that a small structural change of the side 

group can have a drastic effect on the transfection activity. This also been 

observed for other structurally related polymers [35,36]. 

 

Conclusion 

We have synthesized a series of new gene delivery polymers with 

hydrolysable cationic side-groups. It was shown that polyplexes based on these 

polymers were stable at pH 5.0. Some of these polymers showed release of intact 

DNA within 24 h (pHPMA-DEAE) or 48 h (pHPMA-DMAE and pHPMA-MPPM) 

after incubation at pH 37 °C and pH 7.4. Polyplexes based on these polymers 

showed a lower cytotoxicity than well-known polymeric transfectants like pEI and 

pDMAEMA. The transfection activities of PHPMA-DEAE, pHPMA-MPPM and 

pHPMA-BDMPAP were also serum-independent. The transfection activities of 

PHPMA-DEAE and pHPMA-MPPM are even superior to the transfection activity of 

pEI. Future work will focus on in vivo application of the new polymers. 
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Summary 

This Chapter reports on the in vivo application of polyplexes composed of 

plasmid DNA and biodegradable polymer poly(2-

dimethylaminoethylamino)phosphazene (p(DMAEA)-ppz) or poly(carbonic acid 2-

dimethylamino-ethyl ester 1-methyl-2-(2-methacryloylamino)-ethyl ester) (pHPMA-

DMAE). 

p(DMAEA)-ppz polyplexes were intravenously administered in tumor 

bearing mice. Biodistribution and transfection data were compared with those 

obtained after administration of polyplexes based on the non-biodegradable 

polyethylenimine (pEI 22kDa). Both polyplex particles were rapidly cleared from the 

blood circulation (< 7 % ID, at 60 min after administration) and showed 

considerable liver and lung disposition. The lung disposition is attributed to 

aggregates formed by interaction of the polyplexes with blood components. In time, 

redistribution of the polyplexes from the lung was observed for both polyplex 

formulations. Importantly, both polyplex systems showed substantial tumor 

accumulation of 5 and 8% ID/g for p(DMAEA)-ppz and pEI22 polyplexes, 

respectively, at 240 min post 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. 

pHPMA-DMAE polyplexes were administered by intraperitoneal injection in 

mice bearing an ovarian cancer xenograft. These polyplexes based showed 
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transfection activity in tumor cells similar to polyplexes based on the non-

degradable and rather toxic polymer polyethylenimine (pEI22). PHPMA-DMAE 

polyplexes did not show any cytotoxicity and mediated highest transfection activity 

at the highest N/P ratio investigated. pHPMA-DMAE based polyplexes have 

potential for use in ovarian cancer therapy due to their considerable transfection 

activity and their low cytotoxicity. 
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Introduction 

The main goal for gene therapy is to treat various forms of diseases with a 

genetic origin among which cystic fibrosis, different forms of cancer, and 

cardiovascular disorders by introducing a therapeutic gene in the target cell [1,2]. 

Although viral vectors display rather good transfection properties, both in vitro and 

in vivo, there is a large number of problems associated with the use of these 

vectors, like the induction of an immune response against the viral proteins, 

possible recombination with wild-type viruses, limitations in the size of inserted 

DNA and difficult large-scale pharmaceutical grade production [3-5]. Therefore, 

there is increasing interest in the use of non-viral gene delivery systems. 

Especially, biodegradable vectors are attractive, because of their reduced toxicity 

and avoidance of accumulation of the polymer particularly after repeated 

administration. Moreover, the degradation of the polymer can be used as a tool to 

release the plasmid DNA into the cytosol. 

In the previous chapters we have discussed the synthesis, 

physicochemical characterization and in vitro fate of two degradable classes of 

non-viral vectors, namely polyphosphazenes and side group-degradable 

polymethacrylamides. In this chapter the in vivo behavior of polyplexes based on 

these biodegradable polymers is studied. In particular, the biodistribution and 

transfection activity of p(DMAEA)-ppz polyplexes were evaluated in tumor bearing 

mice at 240 min after administration. Tumor accumulation as well as gene 

expression of the polyplexes was investigated using a (radiolabeled) reporter gene 

encoding for luciferase. Results were compared with those mediated by polyplexes 

based on the non-biodegradable polymer linear polyethylenimine (Mw 22kD), 
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pEI22, a well-established transfection agent. The transfection activity of polyplexes 

based on cationic methacrylamide polymers were investigated in an OVCAR-3 

ovarian cancer mouse model after local administration. Also in this study, 

polyplexes based on the non-degradable polymer pEI22 were used as a reference 

[6]. 

 

Material and Methods 

 

2.1.  Materials 

Poly(2-dimethylaminoethylamino)phosphazene [p(DMAEA)-ppz] and 

poly(2-(dimethylamino)ethyl 1-(methacrylamido)propan-2-yl carbonate) [pHPMA-

DMAE] (Figure 1) were synthesized and purified as previously described [7-10]. 

Linear polyethylenimine (pEI Mw 22 kDa; further abbreviated as pEI22) was kindly 

provided by Prof. dr. E. Wagner (Ludwig-Maximilians-Universität München, 

Germany) [11,12].  
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Figure 1. Chemical structures of the different polymers used in this study. 

 

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.  

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 Luciferase were obtained from Promega 

(Leiden, The Netherlands). Solvable solubilizer and Ultima Gold scintillation liquid 

were obtained from Perkin Elmer BV (Groningen, The Netherlands).  
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2.2.  Particle size and electrophoretic mobility measurements 

Z-Average diameter of the polymer/plasmid DNA complexes were 

measured by dynamic light scattering (DLS) using a Malvern ALV CGS-3 system 

equipped with an argon-ion laser (488 nm 10.4 mW) (uniphase). The ALV 

correlator software in combination with DTS(Nano) and ALVFilereader software 

was used. The instrument was calibrated with 100 nm poly(styrene) particles 

dispersed in water. Polyplexes were prepared as described below.  

 

2.3.  Preparation of poly(DMAEMA)phosphazene polyplexes 

For in vivo experiments, polyplexes were prepared at a plasmid 

concentration of 150 µg/ml in 20 mM acetate, pH 5.7, and at polymer concentration 

of 0.75 to 1.8 mg/ml p(DMEMA)-ppz and 120 µg/ml pEI22, corresponding with an 

N/P ratio of 15 to 36 and 6, respectively [13]. 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 mg/ml sucrose. To this 

solution, 400 µl of a p(DMAEA)-ppz (1.9 to 4.5 mg/ml) or pEI22 (300 µg/ml) 

solution in acetate buffer was added, resulting in polyplexes with an N/P ratio of 15 

to 36 (for p(DMAEA-ppz)) and 6 (for pEI22), respectively. 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 polymeric nitrogen residues 

and DNA phosphate-groups, and were calculated assuming that 110 and 43 g/mol 

corresponding with each (protonable) nitrogen containing-repeating unit of 
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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.  

 

2.4. In vivo gene expression studies with p(DMAEA)phosphazene-based 

polyplexes 

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 1 x 

106 Neuro 2A cells in phosphate buffered saline, pH 7.4. Experiments started 8 

to12 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 

[14]. 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 
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tumor tissues (RLU/g). Data were corrected for background values in non-treated 

mice, and were not corrected for organ perfusion [15]. Using Quantilum 

Recombinant Luciferase, 1 pg of luciferase gave 6*103 RLUs, in this particular 

setting. 

For biodistribution studies, pcDNA3Luc was labeled with [α-35S]-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. Unlabeled 

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 5 x 106 cpm/ml. This 

solution was used to prepare the different polyplex dispersions (150 µg/ml 

pcDNA3Luc and 750 µg/ml p(DMAEMA)-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) [16]. The obtained values 
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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). 

 

2.5.  Preparation of pHPMA-DMAE 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 pHPMA-DMAE is 250. Polyplexes were prepared in 20 mM Hepes, 5 % w/v 

glucose, pH 7.1 (HBG) at a DNA concentration of 150 µg/ml. 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 a DNA solution 

containing 150 µg DNA (20mM Hepes, pH 7.1). The resulting dispersions were 

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 polyplex dispersion [12]. 

 

2.6.  In vivo gene expression studies with polymethacrylamide-based 

polyplexes 

The animal experiments were performed according to 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 Netherlands). After inoculation, a mouse model 

for ovarian cancer develops, characterized by the formation of ascites and clusters 

of fast proliferating tumor cells, confined to the peritoneal cavity [17,18]. At 3 to 4 

week intervals, tumor cells were recovered from the donor animals by rinsing the 

peritoneal cavity twice with 5 ml cold PBS [19]. For transfection studies, mice were 
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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. Cells were lysed by osmotic 

shock (Zap-OGLOBIN II, BeckmanCoulter) and counted using a cell counting 

chamber. 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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3. Results and Discussion 

 

3.1.1.  Characteristics of p(DMAEA)-ppz polyplexes 

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 [7]. The weight average molecular weight (Mw) and number 

molecular weight (Mn) of the polymer were 49 and 7 kDa, respectively, relative to 

dextran standards. 

 

Table 1: Biophysical characterization of  p(DMAEA)-ppz, pHPMA-DMAE and pEI22 polyplexes after 1 hr 

of incubation 

 

Transfectant 

 

Buffer 

 

N/P ratio 

 

Average diameter 

(nm) 

 

ζ-potential (mV) 

p(DMAEA)-ppz 

150 µg DNA/ml 

 

20 mM acetate,  

200 mg/ml sucrose, 

pH 5.7 

15 380 + 30 ND 

pEI22 

150 µg DNA/ml 

20 mM acetate, 

200 mg/ml sucrose, 

pH 5.7 

6 400 ± 10 ND 

pHPMA-DMAE 

150 µg DNA/ml 

 

20 mM Hepes, 5 % 

w/v glucose, pH 7.1 

(HBG) 

6 170 ± 10 30± 7 

pEI22 

150 µg DNA/ml 

20 mM Hepes, 5 % 

w/v glucose, pH 7.1 

(HBG) 

6 150 ± 20 37± 6 
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P(DMAEA)-ppz polyplexes used in the in vivo study were prepared at high 

(150 µg/ml) DNA concentration in an acetate/sucrose buffer (20 mM acetate, pH 

5.7, containing 200 mg/ml sucrose). The size of p(DMAEA)-ppz polyplexes was 

comparable with the size of pEI22 polyplexes prepared under the same conditions 

(400 nm against 380 nm for p(DMAEA)-ppz polyplexes) and remained stable over 

at least 4 hrs (Table 1). 

 

3.1.2.  Pharmacokinetics and biodistribution of p(DMAEA)-ppz polyplexes 

A buffer system consisting of acetate 20 mM, pH 5.7 containing 200 mg/ml 

sucrose, optimized earlier for the preparation of pDMAEMA polyplexes at high 

plasmid concentration was used for the in vivo studies [13]. 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.  
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Figure 2: 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). p(DMAEA)-ppz ( ) and pEI22 (  ) (mean ± SD, n = 3). 

 

Figure 2 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). The observed rapid clearance is characteristic 

for most polyplex systems [20-22] and .can be explained by the activation of cells 

of the mononuclear phagocytic system by the formation of aggregates as well as 

opsonization of the polyplexes (or the formed aggregates) by blood proteins [23]. 

Figure 3 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 

191 



perfusion is contributing to biodistribution values as long as blood levels are 

considerable [15]. p(DMAEA)-ppz and pEI22 polyplexes substantially localized in 

the liver (21 ± 2 and 25 ± 3 % ID/ organ, respectively, at 60 min p.i.). 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.). These results are in good agreement with 

other work on cationic polyplexes [20,23].  

At 5 min post-injection the highest accumulation of p(DMAEA)-ppz and 

pEI22 polyplexes was in the lungs (37 ± 17 % and 27 ± 12 % ID/organ, 

respectively). This is probably caused by erythrocyte aggregation and subsequent 

trapping of the aggregates in the lung. 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. The accumulation in the 

tumor was substantial for both polyplex systems (5 and 7 % ID/g organ for 

p(DMAEA)-ppz and pEI22 polyplexes, respectively, at 240 min p.i.), despite their 

differences in chemical nature, in vivo aggregation properties and 

pharmacokinetics. Further investigation is needed to elucidate the mechanism(s) 

behind the observed tumorselective gene expression of the polyplexes. 
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Figure 3: 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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3.1.3.  In vivo transfection of p(DMAEA)-ppz polyplexes 
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Figure 4: Luciferase expression 24 hrs after i.v. administration of p(DMAEA)-ppz and pEI22 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. 

 

Figure 4 presents the tissue and tumor luciferase expression, 24 hrs after 

intravenous administration of the p(DMAEA)-ppz and pEI22 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. 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 
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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 many positively charged polyplexes including pDMAEMA, 

pEI800, pEI25 and pEI22 [14,24]. Zou et al. recently proposed that a transient 

opening of the endothelial lining might be the underlying mechanism enabling 

transfection of pulmonary cell types [25]. They also demonstrated that lung 

transfection induced by pEI22 polyplexes increased with 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). The lack of lung transfection despite the high lung localization may relate 

to our observations that p(DMAEA)-ppz polyplexes are much less toxic than the 

pEI22 particles [26]. 

 

3.2.1.  Screening of HPMA- polymers 

Polyplexes based on the different cationic methacrylamide polymers 

(Figure 1) were screened for their tumor transfection efficiency in an OVCAR-3 

ovarian cancer mouse model. 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 5). pHPMA-DMAE polyplexes yielded the highest tumor cell 

gene expression (Figure 1). Because of their encouraging in vivo transfection 

activity, pHPMA-DMAE polyplexes were selected for a more in-depth investigation 

of their transfection properties. 
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Figure 5. Tumour and organ luciferase expression, 24 hrs after i.p. injection of the different 

methacrylamide based polyplexes (N/P 50), uncomplexed DNA, or pEI22 based polyplexes (N/P 6). 30 

µg DNA was injected in all cases (mean + error of the mean, n = 2). 

*: below detection limit. 

 

3.2.2. Characteristics of pHPMA-DMAE polyplexes 

The pHPMA-DMAE dispersions with high DNA concentration were 

prepared in HBG. Table 1 shows the results. The size of the pHPMA-DMAE 

polyplexes (150 nm) was comparable with that of pEI22 polyplexes (170 nm) 

prepared under the same conditions Similar to the destabilization kinetics found for 

preparations at a low DNA concentration (10 µg/ ml DNA) [9,10], pHPMA-DMAE 

polyplexes prepared for in vivo use (150 µg/ml DNA) destabilized within 1 day after 

incubation at physiological conditions. In contrast, pEI22 polyplexes remained 

stable for at least seven days of incubation (data not shown). 
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3.2.3.  In vivo transfection of pHPMA-DMAE polyplexes 

The pHPMA-DMAE 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 the linear polymer pEI22 (N/P 6) 

were used as reference formulations. Peritoneal lavage, 24 hrs after polyplex 

administration, yielded similar tumor cell recoveries (1.2-1.9x108 cells/mouse). 

Tumor cell luciferase expression was 500 fold higher for the pHPMA-

DMAE polyplexes than for the naked DNA formulation (Figure 5). 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). The polymer-to-DNA dependency of the tumor cell 

gene expression by pHPMA-DMAE and pEI22 polyplexes was also investigated. 

Figure 6 shows the tumor cell transfection activity of the polyplexes with increasing 

N/P ratio. Administration of pEI22 polyplexes at the highest N/P ratio (N/P 50) 

enhanced tumor gene expression 10-fold compared to the lower N/P ratios (Figure 

6A). Mice receiving the latter formulation experienced apparent side-effects within 

the first hours after administration (increased spinal curvature and seclusion 

behavior). The transfection activity of the pHPMA-DMAE polyplexes at N/P 50 was 

500 fold higher than that observed at N/P 6 (Figure 6B). Luciferase expression in 

the main organs lining the abdominal cavity concomitantly increased with two 

orders of magnitude. No toxicity was observed in any of the mice.  
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6B 

Figure 6. Tumor and organ luciferase expression, 24 hrs after i.p. injection of pEI22 based polyplexes 

(a) and pHPMA-DMAE (b), prepared at different N/P ratios (30 µg DNA, mean + SD, n = 3)(*: n = 2) 
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The kinetics of transgene expression of pHPMA-DMAE (N/P 50) and pEI22 

(N/P 6) polyplexes were studied after a single i.p. administration (Figure 7). No 

direct, apparent toxicity was observed in any of the experimental groups. Tumor 

gene expression levels decreased exponentially over time for both polyplexes. 

Four days post-injection, tumor gene expression had dropped to 8 and 5% of the 

levels at day 1, for pHPMA-DMAE and pEI22 formulations, respectively. Luciferase 

expression in the major organs was confined to those lining the peritoneum (liver, 

kidney and spleen) and was only detectable at day 1 and 2. Independent of the 

administered formulation, the amount of recovered tumor cells steadily increased 

from 6 to 19x107 cells as a result of tumor cell proliferation.  
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Figure 7: Tumor luciferase expression, one to seven days after a single i.p. injection of pHPMA-DMAE 

(■) and pEI22 (▲) polyplexes (30 µg DNA, N/P 50 and 6, respectively). Gene expression values were 

normalized to the gene expression levels obtained 1 day after transfection (mean + SD, n = 4). 
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Previously, Louis et al. found similar results after administration of pEI22 

polyplexes to tumor cells [6]. The transient expression observed for 

polyethylenimine based polyplexes has been ascribed to their inherent toxicity 

towards transfected cells [27-29]. The lack of cytotoxicity of the 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 transfection data from this study indicate that the 

contribution of polyplex induced cytotoxicity in determining the gene expression 

kinetics, is overruled by other cellular mechanism, like the loss of the episomal 

DNA upon cell division, DNA degradation or impairment of DNA transcription 

[30,31].  

Interactions with polyanions can be important, upon intraperitoneal 

injection of cationic polyplexes, since the development of ascites in ovarian cancer 

is characterized by the peritoneal accumulation of polyanions such as hyaluronic 

acid (HA) [32]. These interactions with polyanions can alter the biophysical 

properties of the polyplexes. Gene expression mediated by polyplexes based on 

pHPMA-DMAE was not affected by HA [32], while for the pEI22 polyplexes a 

decrease in activity was observed when the polyplexes were incubated with HA. 

 

4. Conclusions 

 This chapter points out the usefulness of polyplexes based on 

biodegradable polymers for gene delivery to tumors. Biodegradability of the 

polymer likely causes much lower cytotoxicity as compared to the well-known non-

biodegradable transfectant pEI22. P(DMAEA)-ppz was employed in the systemic 

delivery of DNA to tumors. The degree of tumor gene expression was significant. A 
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remarkable finding is that gene expression was primarily confined to tumor tissue, 

as was not the case for pEI22 polyplexes. 

 Polyplexes based on the biodegradable pHPMA-DMAE were tested in the 

OVCAR-3 ovarian cancer mouse model. Polyplexes based on pHPMA-DMAE 

showed transfection activity similar to polyplexes based on pEI22. Polyplexes 

based on pHPMA-DMAE are biodegradable, HA resistant and are devoid of 

cytotoxicity. These properties make pHPMA-DMAE polyplexes promising systems 

for use in ovarian cancer gene therapy.  
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CHAPTER 6 

 

Summary and Perspectives 

 



 



Summary 

This thesis deals with the design of new classes of cationic biodegradable 

polymers and their application for gene delivery. The polymers were investigated 

for their ability to bind and condense DNA and the transfection activity and 

cytotoxicity of the resulting polyplexes were studied both in vivo and in vitro. 

Finally, the degradation kinetics of the polymers was investigated. 
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Figure 1. The chemical structures of the synthesized polymers. 

 

In Chapter 1 a review covering the current literature of degradable 

polymers for gene delivery is presented. The use of biodegradable polymers for 

gene delivery has gained increasingly interest during the past 5-10 years. The main 
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advantages are the low or even absent cytotoxicity of the polycations and the 

prevention of polymer accumulation in the body.  

In Chapter 2 a new class of biodegradable cationic gene delivery polymers 

is described. Cationic polyphosphazenes were synthesized by ring opening 

polymerization of hexachlorocyclotriphosphazene and subsequent derivatization. In 

this way, polymers were prepared with dimethylaminoethyl side chains connected 

to the backbones either by an oxygen (p(DMAE)phosphazene) or a nitrogen 

(p(DMAEA)phosphazene) atom (Figure 1). Both polyphosphazenes were able to 

bind and condense plasmid DNA yielding positively charged particles (polyplexes). 

The polyphosphazene-based polyplexes were able to transfect COS-7 cells in vitro. 

The toxicity of both polyphosphazenes was lower than the frequently used non-

degradable gene delivery polymer poly(2-dimethylaminoethyl)methacrylate, 

pDMAEMA. The transfection efficiency for the poly(DMAE)phosphazene-based 

polyplexes was about three-fold higher in the absence of serum than in the 

presence of serum. This is probably caused by unfavorable interactions of the 

polyplexes with serum proteins. In contrast, the poly(DMAEA)phosphazene-based 

polyplexes showed a three-fold lower transfection activity in the absence than in 

the presence of serum. For this system, serum proteins likely masked the toxicity of 

the polyplexes, as shown by the XTT cell viability assay. Degradation of the 

polymers occurred by acid catalyzed hydrolysis, leading to half lives of 7 and 24 

days for p(DMAE)phosphazene and p(DMAEA)phosphazene, respectively, at 

physiological conditions. The half-lives of both p(DMAE)phosphazene and 

p(DMAEA)phosphazene under acidic conditions (pH 5.0, mimicking the pH in the 

endosome) were 4 days and 5 days, respectively. 
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Chapter 3 reports on the synthesis and characterization of a new cationic 

biodegradable polyphosphazene, bearing both pendant primary and tertiary amine 

side groups, poly(2-dimethylaminoethylamine-co-diaminobutane)phosphazene 

(poly(DMAEA-co-BA)phosphazene). This polymer offers the possibility to design 

polyplexes with targeting ligands at their surface. To this end, PEG and PEG-folate 

were coupled to polyplexes based on poly(DMAEA-co-BA)phosphazene, leading to 

small and almost neutral particles. Low cytotoxicity was observed for both 

uncoated and coated polyplex formulations. However, when the polyplexes were 

coated with PEG they showed a 2-fold lower transfection activity in OVCAR 3 cells 

than uncoated polyplexes. On the other hand, by coupling PEG-folate to 

polyplexes the transfection activity was 3 times higher when compared to the 

PEGylated polyplexes without targeting ligand. When free folate was added to the 

transfection medium, only the transfection activity of the targeted polyplexes was 

reduced, indicating internalization of the folate PEG polyplexes via the folate 

receptor. In contrast to uncoated polyplexes, which induced aggregation of 

erythrocytes at polymer concentrations of 0.09 µg/mL, the PEGylated systems 

could be incubated at ten times higher concentration before aggregation occurred. 

This chapter shows that receptor-specific gene delivery is possible with PEG-folate 

polyplexes.  

Chapter 4 reports on a series of cationic methacrylamides polymers 

derivatized with cationic groups via hydrolyzable linkers. The synthesized polymers 

(Figure 1), except for pHPMA-NHEM, were able to condense plasmid DNA into 

positively charged nanosized particles. These polymers form polyplexes which 

were stable for more than 14 hours once incubated at 37 °C and pH 5.0. The rate 

of hydrolysis at 37 °C and pH 7.4 of the different side groups differed widely; the 
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fastest rate of hydrolysis was observed for HPMA-DEAE (half life of 2 h), while 

HPMA-DMAPr had the lowest rate of hydrolysis (half-life of 70 h). In line with these 

observations, pHPMADEAE-based polyplexes showed the fastest destabilization of 

the polyplexes at 37 °C and pH 7.4. Polyplexes based on pHPMA-DEAE, pHPMA-

DMAE, and pHPMA-MPPM showed release of intact DNA within 24, 48, and 48 h, 

respectively, after incubation at 37 °C and pH 7.4. It was shown that a membrane 

disruptive peptide (INF-7) was necessary to obtain high levels of transfection 

activity. Without this peptide low transfection activity was observed. PHPMA-DEAE 

and pHPMA-MPPM based polyplexes showed the highest transfection activity 

(almost twice as active as pEI). Importantly, the pHPMADEAE, pHPMA-MPPM, 

and pHPMA-BDMPAP polyplexes preserved their transfection activity in the 

presence of serum proteins. All polymers and their complexes with DNA 

investigated showed a substantial lower in vitro cytotoxicity than pEI and pEI/DNA 

polyplexes.  

In Chapter 5 polyplexes composed of plasmid DNA and two biodegradable 

polymers (either p(DMAEA)phosphazene or pHPMA-DMAE) were evaluated for in 

vivo gene delivery activity. The in vivo behavior of p(DMAEA)phosphazene 

polyplexes was studied after intravenous administration in tumor bearing mice and 

was compared with polyplexes based on the non-biodegradable polyethylenimine 

(pEI 22kDa). Both polyplex systems were rapidly cleared from the blood circulation 

(< 7 % ID, at 60 min after administration) and showed considerable liver and lung 

disposition. The lung disposition is attributed to aggregates formed by interaction of 

the polyplexes with blood components. In time 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 
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p(DMAEA)phosphazene and pEI22 polyplexes, respectively, at 240 min after 

administration. The tumor disposition of the p(DMAEA)phosphazene and pEI22 

polyplexes was associated with considerable expression levels of the reporter 

gene. It was shown that selective gene expression at a distant tumor site after 

intravenous administration of a cationic, non-shielded, polyplex system is possible. 

The in vivo behavior of pHPMA-DMAE polyplexes was investigated after 

intraperitoneal injection in mice bearing an ovarian cancer xenograft. Polyplexes 

based on pHPMA-DMAE showed transfection activity similar to PEI polyplexes. 

Polyplexes based on pHPMA-DMAE did not show any cytotoxicity and mediated 

highest transfection activity at the highest N/P ratio investigated. Tumor cell gene 

expression rapidly declined within time, after a single administration of these 

polyplexes, with both polyplexes.  

 

Perspectives 

 

An ideal gene delivery system should be safe and efficient. Viral 

transfection systems are efficient but also have some severe drawbacks (e.g. 

immune response, possible recombination with wild-type viruses, limitations in the 

size of inserted DNA and oncogenicity) [1-4]. Synthetic carriers such as polymers 

can overcome these limitations and, therefore, have become an attractive 

alternative for viral systems [5,6]. However, cytotoxicity has been an important 

drawback of the high molecular weight polycations used in gene delivery to date 

(e.g. pLL, pEI, pDMAEMA) [7-9]. The interaction of these polymers, either in their 

free form or complexed with DNA, with cells can result in loss of cytoplasmic 

proteins, in permeabilization of cellular membranes and collapse of the membrane 
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potential [10-12]. It should be mentioned that the toxicity of cationic polymers is 

partially masked once complexed with DNA. An approach to reduce the cytotoxicity 

of a polyplex formulation is therefore to remove free polymer. Boekle et al. 

described the removal of free PEI from the polyplexes by size exclusion 

chromatography [13]. Particle characteristics and transfection activity remained the 

same while the toxicity was reduced. This method is likely also applicable for other 

polyplex formulations.  

Another approach to reduce the toxicity of cationic gene delivery polymers, 

which is explored in this thesis, concerns the design of biodegradable polymers. 

The potential advantage of biodegradable carriers (described in Chapter 2 and 4 

of this thesis) as compared to their non-degradable counterparts is their reduced or 

absent toxicity and the avoidance of accumulation of the polymer in cells 

particularly after repeated administration. Also, the degradation of the polymer can 

be used as a tool to release the plasmid DNA into the cytosol or nucleus of the 

target cell.  

Polyplexes have a size in the submicron range and carry mostly a positive 

surface charge. As a result these particles are able to bind to the negatively 

charged proteoglycans at the cell surface via electrostatic interactions. A drawback 

of this positive charge of polyplexes is the interaction with blood components (e.g. 

proteins, erythrocytes) [14,15]. These interactions can result in the formation of 

aggregates which might alter pharmacokinetics, tissue distribution and tissue 

penetration of the polyplexes [16-19]. Also, interactions between the positively 

charged polyplexes and negatively charged blood components might destabilize 

the polyplexes, by which DNA is released. This is highly unfavorable, since naked 

DNA generally shows fast enzymatic catalyzed degradation and poor cellular 

214 



uptake and consequently displays very poor transfection activity [20]. These 

undesirable polyplex cell/protein interactions can be circumvented by shielding the 

polyplexes with a hydrophilic polymer like PEG, PHEG or pHPMA [21-23]. Indeed, 

as was demonstrated in Chapter 3 PEGylation did indeed lead to the formation of 

small neutral particles that induced less aggregation of erythrocytes. However, as 

was also demonstrated in Chapter 3, shielding of polyplexes lowered the 

transfection activity due to the loss of non-specific binding. Therefore, to restore the 

transfection potential of the shielded polyplexes, introduction of targeting moieties 

on their surfaces is an interesting option. Several ligands have been used for cell 

specific targeting [24-30]. Despite the demonstrated targeting properties of these 

conjugates in vitro, successful targeting of polyplexes decorated with homing 

ligands to tumors in animals has been, up to now, rare. One of the reported 

obstacles is the reduced binding affinity of homing ligands upon their attachment to 

polymer chains due to either serious changes in the chemical properties of the 

ligands or folded polymer configurations that imbed the targeting moiety in the 

random coiled structure [31,32]. Targeting of the folate receptor, a glycopolypeptide 

with a high affinity (KD<10-9 M) for folic acid and the physiologic circulating form of 

the vitamin, N5-methyltetrahydrofolate, [33-35] has received much attention, since 

the folate receptor is shown to be over expressed in human cancer cells and in 

addition, folic acid is a relatively small molecule (molecular weight 441 Da) which 

does hardly change the dimensions of the carrier system [36-38]. By coating the 

polyplexes with PEG-folate folate receptor mediated gene expression was indeed 

observed in vitro (Chapter 3). Further in vivo studies with this system are therefore 

encouraged.  
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Chapter 5 points out the usefulness of polyplexes based on biodegradable 

polymers described in this thesis for in vivo gene delivery to tumors. 

Biodegradability of the polymers causes much lower cytotoxicity as compared to 

the well-known but non-biodegradable transfectant pEI22 in vivo, while their 

transfection activities are comparable. However, a disadvantage of these systems 

was their rapid blood clearance and high initial lung disposition (polyphosphazene-

polyplexes) and their rapid decline of gene expression within time (pHPMA-DMAE 

polyplexes. New biodegradable nonviral vectors should have tailored properties to 

achieve safe and efficient gene therapy. They should have shielding and targeting 

properties and yet be able to overcome all the major intracellular barriers, leading 

to sustained and controlled gene expression. This can be accomplished by 

introducing membrane destabilizing properties and by nuclear localization [39].  

The polymers studied in this thesis hold great promise for nonviral gene 

delivery. They can be tailored by variation of the side groups. They show low or 

absent toxicity in vivo, while their transfection activity was comparable to pEI. 

Future investigations should focus on improvement of the gene expression in vivo. 

To accomplish this targeted gene delivery, like described in Chapter 3 should be 

the preferred strategy. 
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Nederlandse samenvatting 

 

Inleiding 

Gentherapie staat tegenwoordig sterk in de belangstelling om erfelijke 

aandoeningen en levensbedreigende ziekten, zoals suikerziekte, taaislijmziekte en 

kanker, te behandelen. Bij gentherapie wordt genetisch materiaal (DNA of RNA) in 

de gewenste cel geïntroduceerd om bijvoorbeeld een defect gen te repareren of 

om een ‘gezond’ gen toe te voegen. Het gebruik van ‘naakt’ DNA voor gentherapie 

geeft lage genexpressie vanwege de snelle degradatie van vreemd DNA in het 

lichaam en omdat DNA een anionisch, hydrofiel, relatief groot molecuul is, passeert 

het moeilijk celmembranen. Daarom zijn DNA-dragersystemen nodig om het DNA 

op de juiste plek te krijgen. Een dergelijk dragersysteem moet aan een aantal 

voorwaarden voldoen. Allereerst moet het instaat zijn om het DNA te beschermen 

tegen afbraak. Daarnaast moeten deze dragersystemen door de juiste cellen 

worden opgenomen. Vaak vindt deze opname plaats door een proces genaamd 

endocytose. Bij deze manier van opname komen de dragersystemen terecht in 

bepaalde blaasjes (endosomen), wat kan resulteren in hun afbraak. Dit betekent 

dus dat geschikte dragersystemen uit de endosomen moeten kunnen ontsnappen. 

Na de ontsnapping uit de endosomen moeten de dragersystemen worden 

getransporteerd naar de kern van de cel, alwaar het DNA wordt afgelezen en 

vertaald in mRNA zodat uiteindelijk het juiste eiwit wordt geproduceerd. Ergens 

tussen de ontsnapping van de polyplexen uit de endosomen en het translatie van 

het DNA in de celkern moet de drager het DNA loslaten. Pas dan kan er sprake 

zijn van een succesvolle transfectie van de cel. Er kunnen twee soorten 
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dragersystemen worden onderscheiden, namelijk virale en niet-virale systemen. De 

virale systemen maken gebruik van virussen en zijn zeer effectief in het afleveren 

van het genetisch materiaal in de kern van de gewenste cel. Ondanks dat er veel 

onderzoek wordt verricht naar de ontwikkeling van deze virale vectoren, brengen 

deze systemen een aantal grote nadelen met zich mee. Hierbij kan gedacht 

worden aan het opwekken van een immuunreactie bij de patiënt, het ontstaan van 

leukemie bij de patiënt en recombinatie met wild-type virussen. Er is daarom grote 

behoefte aan effectieve niet-virale transfectiesystemen.  

Synthetische polymeren bieden hiervoor goede perspectieven. Een 

polymeer, dat gebruikt kan worden voor genafgifte, moet bij voorkeur 

biocompatibel en biodegradeerbaar zijn, maar ook in staat zijn DNA te 

condenseren bij fysiologische pH. Eén van de voordelen van een degradeerbaar 

polymeer, is dat er na herhaalde toediening geen accumulatie van het polymeer 

optreedt in de cellen. Verder zijn degradeerbare polymeren in staat om de toxiciteit 

van het polymeer te verlagen en kunnen ze, mits de degradatie van het polymeer 

plaatsvindt onder de juiste condities, een positieve invloed hebben op het 

vrijkomen van het DNA in het cytosol.  

 

Samenvatting 

In dit proefschrift zijn degradeerbare kationische polymeren ontworpen en 

is hun gebruik als DNA-dragersysteem (vector) geëvalueerd. De polymeren 

werden onderzocht op hun capaciteit om DNA te binden, de efficiëntie in de 

transfectie en de toxiciteit van de gevormde polyplexen werden zowel in vitro als in 

vivo bestudeerd, evenals de degradatie-kinetiek van de polymeren. 
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Figuur 1. De chemische structuren van de gesynthetiseerde polymeren. 

 

In Hoofdstuk 1 wordt een overzicht gegeven van de literatuur betreffende 

degradeerbare polymeren als non-virale vectoren. 

In Hoofdstuk 2 wordt een nieuwe klasse van biodegradeerbare, 

kationische genafgifte polymeren beschreven. Deze kationische 

polyphosphazenen worden gesynthetiseerd via ‘ringopening’ polymerisatie van 

hexachlorocyclotriphosphazeen en de daaropvolgende koppeling van kationische 

zijgroepen. Op deze manier konden er polymeren gemaakt worden met een 

dimethylaminoethyl zijgroep. Deze zijgroep is gekoppeld aan de hoofdketen 

(backbone) van het polymeer door of een zuurstof (p(DMAE)phosphazeen) of een 

stikstof (p(DMAEA)phosphazeen) atoom (Figuur 1). Beide polyphosphazenen 
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waren in staat om aan DNA plasmide te binden en het DNA te condenseren tot 

kleine, positief geladen deeltjes (polyplexen). Deze polyplexen waren in staat om 

COS-7 cellen in vitro succesvol te transfecteren. De toxiciteit van beide polymeren 

was aanzienlijk lager dan die van het veelgebruikte niet-degradeerbare polymeer 

poly(2-dimethylaminoethyl)methacrylaat (pDMAEMA). De transfectie-efficiëntie van 

p(DMAE)phosphazeen was drie keer zo hoog in de afwezigheid van serum dan in 

de aanwezigheid van serum. Dit wordt waarschijnlijk veroorzaakt door nadelige 

interacties van de polyplexen met serumeiwitten. Bij de p(DMAEA)phosphazeen-

polyplexen was de transfectie-efficiëntie juist drie keer hoger in de aanwezigheid 

van serum dan in de afwezigheid van serum. Bij deze polyplexen werd de toxiciteit 

van de polyplexen deels gemaskeerd door de serumeiwitten. De degradatie van de 

polymeren werd ook bestudeerd. P(DMAE)phosphazeen had een halfwaardetijd 

van 7 dagen onder fysiologische omstandigheden en in 4 dagen onder zure 

omstandigheden (pH 5.0, de pH die heerst in het endosoom), terwijl 

p(DMAEA)phosphazeen een halfwaardetijd had van 24 dagen bij pH 7.4 en 5 

dagen bij pH 5.0. 

Hoofdstuk 3 beschrijft de synthese en de karakterisering van een nieuw 

co-polymeer polyphosphazeen, poly(2-dimethylaminoethylamine-co-

diaminobutaan)phosphazeen (p(DMAEA-co-BA)phosphazeen, Figuur 1), die naast 

zijgroepen met tertiaire amines ook zijgroepen heeft met primaire amines bezit. Dit 

geeft de mogelijkheid om gebruikmakend van dit polymeer om polyplexen te 

vormen met receptorliganden aan het oppervlak. Het voordeel hiervan is dat deze 

polyplexen kunnen worden opgenomen door cellen met deze receptor. Om deze 

mogelijkheid te bestuderen werden de polyplexen voorzien van een poly(ethyleen 

glycol) (PEG) of een PEG-foliumzuur coating. Dit leidde tot kleine, bijna neutrale 
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polyplexen met een lage toxiciteit. De polyplexen, die waren voorzien van een PEG 

coating, hadden maar de helft van de transfectie-activiteit van ongecoate 

polyplexen. Daarentegen hadden de polyplexen, die gecoat waren met PEG-

foliumzuur coating, de hoogste transfectie-activiteit (3 maal die van de 

gePEGyleerde polyplexen). Wanneer een overmaat van foliumzuur aan het 

celkweekmedium werd toegevoegd daalde de transfectie-activiteit van de PEG-

foliumzuur polyplexen. Dit duidt erop dat de opname van de PEG-foliumzuur 

polyplexen plaatsvindt via de folaatreceptor. In tegenstelling tot de ongecoate 

polyplexen, die aggregatie van erythrocyten veroorzaakten bij een 

polymeerconcentratie van 0.09 µg/mL, konden beide gePEGyleerde systemen 

geïncubeerd worden bij een 10 maal hogere concentratie voordat aggregatie 

plaatsvond. Dit hoofdstuk toont aan dat receptorspecifieke genafgifte mogelijk is 

met polyplexen die voorzien zijn van een PEG-foliumzuur coating. 

Hoofdstuk 4 beschrijft een serie methacrylamide polymeren met 

verschillende degradeerbare kationische zijgroepen. De synthetiseerde polymeren 

(Figuur 1), behalve pHPMA-NHEM, waren in staat om DNA te binden en te 

condenseren in positief geladen nano-deeltjes. Deze polyplexen bleven meer dan 

14 uur stabiel bij 37 °C en pH 5.0. De hydrolyse-snelheid van de verschillende 

zijgroepen bij 37 °C en pH 7.4 varieerde flink; de snelste hydrolyse werd gevonden 

voor HPMA-DEAE (halfwaardetijd 2 uur), terwijl HPMA-DMAPr het langzaamst 

degradeerde (halfwaardetijd 70 uur). In overeenstemming met deze resultaten 

lieten de pHPMA-DEAE polyplexen de snelste destabilisatie zien bij 37 °C en pH 

7.4. pHPMA-DEAE, pHPMA-DMAE en pHPMA-MPPM polyplexen lieten, na 

incubatie bij 37 °C en pH 7.4, intact DNA los na respectievelijk 24, 48 en 48 uur. 
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Het was nodig om een membraandestabiliserend peptide (INF-7) tot te voegen om 

hoge transfectie-activiteit te behalen met deze polyplexen. Zonder dit peptide werd 

een lage transfectie-activiteit verkregen. pHPMA-DEAE en pHPMA-MPPM 

polyplexen lieten de hoogste transfectie-activiteit zien (bijna 2 maal de activiteit van 

pEI). Maar nog belangrijker is dat pHPMA-DEAE, pHPMA-BFDMPAP en pHPMA-

MPPM polyplexen hun transfectie-activiteit behielden in de aanwezigheid van 

serumeiwitten. Alle polymeren en hun polyplexen waren substantieel minder 

toxisch in vitro dan pEI en pEI/DNA complexen. 

In hoofdstuk 5 worden polyplexen, gemaakt van twee biodegradeerbare 

polymeren (p(DMAEA)phosphazeen of pHPMA-DMAE), geëvalueerd voor in vivo 

genafgifte. Het in vivo gedrag van de p(DMAEA)phosphazeen polyplexen werd 

bestudeerd na intraveneuze toediening in tumor-dragende muizen en werd 

vergeleken met polyplexen gemaakt van het niet-degradeerbare pEI (22 kDa). 

Beide polyplexsystemen werden snel geklaard uit de bloedcirculatie (< 7 % ID, na 

60 minuten na toediening) en lieten een aanzienlijke ophoping van polyplexen in 

de lever en de longen zien. De ophoping in de longen werd toegekend aan 

aggregaten, die gevormd werden door de interactie van de polyplexen met 

bloedcomponenten. In de loop der tijd vond er een herverdeling van de polyplexen 

in de longen plaats voor beide polyplexsystemen. Sterker nog, beide polyplex 

systemen lieten een aanzienlijke tumoraccumulatie zien (5-8 %) na 240 minuten na 

toediening. De ophoping van de p(DMAEA)phosphazeen en pEI polyplexen in de 

tumor ging gepaard met behoorlijke genexpressie niveaus. Dit hoofdstuk liet zien 

dat selectieve genexpressie in een tumor van een proefdier mogelijk is na 

intraveneuze toediening van een kationisch ‘naakt’ polyplex. 
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Het in vivo gedrag van de pHPMA-DMAE polyplexen werd bestudeerd na 

toediening in de buikholte in muizen met een eierstokkanker-transplantaat. 

PHPMA-DMAE polyplexen lieten een vergelijkbare transfectie-activiteit zien als pEI 

polyplexen in vivo. De genexpressie in de tumor nam na een enkele injectie van 

polyplexen snel af in de tijd voor beide polyplex systemen. PHPMA-DMAE 

polyplexen waren niet toxisch en lieten de hoogste activiteit zien bij de hoogst 

bestudeerde polymeer/DNA verhouding.  

In Hoofdstuk 6 wordt de inhoud van dit proefschrift samengevat en 

worden er suggesties gedaan voor verder onderzoek. 
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List of Abbreviations 

 

AE    aminoethyl  

AH    aminohexy  

AIBN    2,2’-azo-bis(isobutyronitrile 

APC    antigen presenting cells  

BA    diaminobutane 

BDMPAP   1-[Bis[3-(dimethylamino)propyl]amino]-2-propanol) 

BOC2O   di-tert-butyl dicarbonate 

BPEI   branched poly(ethylenimine) 

br   broad 

°C    degree Celcius 

Ca(OH)2   Calcium hydroxide 

CaSO4⋅   Calcium sulfate 

CDCl3,   deuterated chloroform 

CDI    1,1’carbonyldiimidazole 

CD3OD   deuterated methanol 

CLSM    confocal laser scanning microscopy 

CMV    cytomegalovirus 

CO2   carbon dioxide 

d    doublet 

dt   double triplet 

DCC    1,3-dicyclohexylcarbodiimde 

DCM   dichloromethane 

DCU    dicylcohexylurea 
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DLS    dynamic light scattering 

DMAE    dimethylaminoethanol 

DMAEA   dimethylaminoethylamine  

DMAEMA   2-dimethylaminoethyl methacrylate 

DMAPr    N,N-dimethylaminopropanol  

DMEM    Dulbecco's modification of Eagle's medium 

DMF   dimethyl formamide 

DMSO   dimethylsulfoxide 

DNA    deoxyribonucleic acid 

DNAse    deoxyribonuclease 

dq   double quartet 

DSP    dithiobis(succinimidylpropionate) 

DTBP    dimethyl 3,3’-dithiobispropionimidate 

EDC N-Ethyl-N’-(3-dimethylaminopropyl)-carbodiimid 

hydrochloride 

EDTA   ehtylenediaminetetraacetic acid 

EtBr    ethidium bromide 

EtOAc   ethyl acetate 

FBS   fetal bovine serum 

FDA    Food and Drug Administration 

GMP    Good Manufactoring Practice 

GPC    gel permeation chromatography 

HBG   hepes buffered glucose 

HBS    hepes buffered saline 

HCl   hydrogen chloride 
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HEPES   4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid 

HPMA    N-(1-hydroxypropan-2-yl)methacrylamide 

IC50    the concentration resulting in 50% inhibitory activity 

ID   injected dose 

INF    influenza 

IPEMA  3-imidazol-1-yl-propionic acid ester of hydroxyethyl 

methacrylate 

Kobs    observed reaction constant 

LiCl   lithium chloride 

Lipoplex  lipide/DNA complex 

LMW    low molecular weight 

m   multiplet 

M/I   monomer to initiator ratio 

MA   methacrylic acid  

MAE    methyl-aminoethyl  

MeOH   methanol 

Mg(OH)2   Magnesium hydroxide 

Mn    number average molecular weight 

MPPM    1-methyl-2-piperidine methanol 

Mw    Weight average molecular weight   

MW    molecular weight 

MWCO   molecular weight cut-off 

N/P    nitrogen to phosphate ratio 

NaCl   sodium chloride 

NaNO3   sodium nitrate 
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NaOH   sodium hydroxide 

NHEM    N-(2-hydroxyethyl) morpholine  

NHS   N-hydroxysuccinimide 

NMR    Nuclear Magnetic Resonance 

(NPCl2)3  Hexachlorocyclotriphosphazene 

ONPG    o-nitrophenyl-β-D-galactopyranoside  

OVCAR  ovarium carcinoma 

PAGA    poly(γ-(4-aminobutyl)-l-glycolic acid) 

p(Asp)    poly(L-aspartic acid) 

PBAE    poly-β amino ester ( 

PBS    phosphate buffered saline 

PDI   polydispersity index 

PEG    poly(ethylene glycol) 

pEI   poly(ethylenimine) 

PHP    poly(4-hydroxy-l-proline ester)  

p.i.    post injection 

PLGA    poly(D,L,-lactide-co-glycolide) 

pLL   poly-L-lysine 

POE    poly(ortho-ester) 

polyplex  polymer/DNA complex 

PPA    poly(phosphoramidates)  

pPAAC   poly(propylacrylic acid)  

PPE    poly(phosphoesters)  

PPZ    poly(phosphazenes) 

RLU   relative light units  

236 



RP-HPLC  reversed phase high performance liquid chromatography 

s   singlet 

siRNA   small interfering RNA 

t   triplet 

TAE   triethylamine 

TFA   trifluoroacetic acid 

THF    tetrahydrofuran 

TMS-Cl   trimethylsilyl chloride 

Tris   tris-(hydroxymethyl)-aminomethane 

v/v volume/volume 

w/w  weight/weight 

XTT  sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-

methoxy-6-nitro)benzene sulfonic acid 

Zav    Z-average diameter 

Z-Cl    benzyl chloroformate  
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