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Abstract:  The aim of this study was to investigate non-viral pDNA carriers based on 

diblock-copolymers consisting of poly(2-(dimethyl amino)ethyl methacrylate) (pDMAEMA) 

and poly(2-hydroxyethyl methacrylate) (pHEMA). Specifically the block-lengths and 

molecular weights were varied to determine the minimal requirements for transfection. Such 

vectors should allow better transfection at acceptable toxicity levels and the entire  

diblock-copolymer should be suitable for renal clearance. For this purpose, a library of linear 

poly(2-(dimethyl amino)ethyl methacrylate-block-poly(2-hydroxyl methacrylate) 

(pDMAEMA-block-pHEMA) copolymers was synthesized via RAFT (reversible addition-

fragmentation chain transfer) polymerization in a molecular weight (Mw) range  

of 17ï35.7 kDa and analyzed using 
1
H and 

13
C NMR (nuclear magnetic resonance), ATR 

(attenuated total reflectance), GPC (gel permeation chromatography) and DSC (differential 

scanning calorimetry). Copolymers possessing short pDMAEMA-polycation chains  

were 1.4ï9.7 times less toxic in vitro than polyethylenimine (PEI) 25 kDa, and complexed 

DNA into polyplexes of 100ï170 nm, favorable for cellular uptake. The DNA-binding 

affinity and polyplex stability against competing polyanions was comparable with  
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PEI 25 kDa. The zeta-potential of polyplexes of pDMAEMA-grafted copolymers remained 

positive (+15ï30 mV). In comparison with earlier reported low molecular weight homo 

pDMAEMA vectors, these diblock-copolymers showed enhanced transfection efficacy 

under in vitro conditions due to their lower cytotoxicity, efficient cellular uptake and DNA 

packaging. The homo pDMAEMA115 (18.3 kDa) self-assembled with DNA into small 

positively charged polyplexes, but was not able to transfect cells. The grafting of 6  

and 57 repeating units of pHEMA (0.8 and 7.4 kDa) to pDMAEMA115 increased the 

transfection efficacy significantly, implying a crucial impact of pHEMA on vector-cell 

interactions. The intracellular trafficking, in vivo transfection efficacy and kinetics of low 

molecular weight pDMAEMA -block-pHEMA are subject of ongoing studies. 

Keywords: low molecular pDMAEMA; linear pDMAEMA -block-pHEMA diblock 

copolymers; RAFT-polymerization; poly(2-(dimethyl amino) ethyl methacrylate);  

poly(2-hydroxyethylmethacrylate); physico-chemical characterization; in vitro pDNA 

transfection; cytotoxicity 

 

1. Introduction   

The field of non-viral gene delivery remains a topic of intensive research efforts, and numerous 

polycations are under investigation [1,2]. One prominent vector in pDNA delivery is poly(ethylene 

imine) (PEI) 25 kDa, a branched polycation with a high charge density well known for its effective 

complexation, high transfection, but also significant toxicity [3]. To improve biocompatibility of PEI, 

several strategies were pursued such as a reduction of the molecular weight [4] or introduction of 

shielding component, e.g., PEGylation [5,6].  

As the toxicity of a polymer, among other factors, is related to its charge density [3], polycations 

with more broadly spread charge distribution along the polymer chain, namely poly(2-(dimethyl 

amino)ethyl methacrylate (pDMAEMA) could be of interest. In comparison to PEI 25 kDa, 

pDMAEMA contains only tertiary amino groups, and the charge density is lower than in PEI. 

pDMAEMA shows an average pKa of 7.5 [7], and is thus sufficiently protonated at physiological pH 

for effective polyanion complexation. Previous reports described pDMAEMA to possess a decreased 

proton sponge effect compared to PEI 25 kDa [8] implying alternative mechanisms of membrane 

interaction, such as membrane destabilization [9]. This eventually led to reduced cell death, but the 

polymer retained the capacity to escape from endosomes [10].  

A relationship between the polymer-DNA dissociation rate and transfection efficiency was 

established suggesting that pDMAEMA more readily releases DNA from polyplexes than 

polylysine [11]. The class of pDMAEMA was intensively investigated by Hennink and coworkers, 

demonstrating that homopolymers with molecular weights (Mw) of 300 kDa are effective  

DNA-carriers [12]. With increasing molecular weight, its transfection efficiency, complexation 

efficiency but also toxicity increased [10,13]. Scarce information on the performance of low molecular 

weight (<43 kDa) pDMAEMA is available from the literature, although such polymers could possibly 

be eliminated by renal excretion [9]. Therefore, a library of low molecular weight homo-pDMAEMAs 
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with the chain length varying from 15 to 23.7 kDa was synthesized and grafted with pHEMA  

(poly(2-hydroxyethyl methacrylate)), resulting in water soluble linear diblock copolymers with a total 

Mw below 40 kDa. The number of tertiary amino groups of the charged copolymer-part exceeds 20  

to 30-fold the minimal requirement of 4-6 groups reported to be necessary for efficient interaction with 

DNA [14]. 

Instead of applying ATRP (atom transfer radical polymerization) [10,15], in this study, the 

synthesis was performed via RAFT polymerization (reversible addition-fragmentation chain transfer) 

to avoid the use of toxic organometallic catalysts, and to attain narrow polydispersity indices (PDIs).  

To improve biocompatibility and colloidal stability, uncharged blocks consisting of pHEMA were 

introduced in an attempt to reduce undesirable adverse interactions such as aggregation and 

cytotoxicity reported previously [16]. PEGylation of pDMAEMA has resulted in a decrease of  

zeta-potential and good steric stabilization of polycations at the cost of poor polyplex uptake into  

cells [17]. Another disadvantage of PEGylation could be seen in an ñaccelerated blood clearanceò 

phenomenon (ñABCò) [18], occurring after repeated application of PEGylated vectors due to anti-PEG 

IgM-production and activation of the complement system. The hydrogel-forming pHEMA was earlier 

reported to be non-toxic and water soluble if  not cross-linked [19], and biodegradable in linear  

form [20]. So far, no complement activation by pHEMA was reported despite longtime usage in 

medical applications [19].  

Several pDMAEMA-pHEMA vector systems have been investigated recently showing their 

potential as gene delivery systems: blends of pDMAEMA and pHEMA were used to obtain 

nanoparticles [21], polymer with brush-like structures based on short chain pDMAEMA grafted on 

pHEMA backbones by cleavable carbonate ester linkage were reported [15]. Also star shaped 

pDMAEMAs with cleavable disulfide bonds synthesized via grafting with multiple short chain 

pDMAEMA-arms showed improved transfection efficiency [22].  

Since high molecular weight homopolymers of pDMAEMA (300 kDa) were efficient transfection 

reagents, here, the molecular weight was systematically varied in the range from 290 to 15 kDa using 

RAFT to determine the minimal chain length required for transfection efficiency. Subsequently, such 

structures were modified using pHEMA to improve cytotoxicity and colloidal stability. These linear 

diblock copolymers, in contrast to previously studied pDMAEMA/pHEMA vectors, were designed to 

possess very narrow polydispersities, a less complicated steric structure and thus better accessibility 

for charge to charge interaction with genetic material, as well as low total molecular weight, allowing 

renal elimination without previous degradation. 

2. Results and Discussion 

2.1. Synthesis 

2.1.1. Synthesis of the Chain Transfer Agent CPT & the Macro Chain Transfer Agent (macroCTA) 

pDMAEMA 

The 
1
H NMR (nuclear magnetic resonance) spectrum of 4-Cyanopentanoic acid dithiobenzoate 

(CPT) is displayed in Figure 1(A), for the 
13

C NMR spectrum, see Supplementary Information  

Figure S1. Strong agreement with the literature values was found in both cases [23-29]. 
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Figure 1. 
1
H NMR spectra of (A) CPT in CDCl3, (B) pDMAEMA in D2O and  

(C) pDMAEMA -block-pHEMA in D2O; the numbers designate the atoms within the 

molecules. 
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For this study, four different pDMAEMA homo-polymers designated as pDMAEMA97, 

pDMAEMA105, pDMAEMA115 and pDMAEMA151 were synthesized. The index denotes the number 

of repeating units calculated by NMR measurements. For this calculation, the signal of the benzyl 

group at the end of each polymer strand (7.4ï8.1 ppm) was correlated with the signal of the two 

methylene groups of the side chain (3.5ï3.6 + 4.4ï4.5 ppm). Shown here are the results from 

pDMAEMA115 (1) while the other homo-polymers behaved similarly. The NMR spectra shown in 

Figure 1(B) corresponds to that reported in [9]. In the attenuated total reflection (ATR) IR spectra, the 

two typical ester bands at 1,720 (C=O) and 1,150 (CïO), and the band of the backbone  

at 2,960 wavenumbers were found.  

 

2.1.2. Synthesis of pDMAEMA -block-pHEMA Block Copolymers (pDMAEMA -block-pHEMA) 

 

To calculate the number of HEMA repeating units in the polymer, the signal of the known number 

of methylene groups of the macroCTA was correlated with the signal of the methylene groups of 

HEMA (3.9ï4.1 + 4.2ï4.3 ppm). This was possible because the signals of the different parts do not 

overlap as displayed in Figure 1(C). Additionally , in the ATR IR spectra of the copolymers, the typical 

band for the hydroxyl group of pHEMA at 3,390 cm
ī1

 was found. The ester band at 1,720 and 1,150 cm
ī1

 

belong to both blocks of the copolymer. The Tg of pDMAEMA [19] (ī6 °C)  and pHEMA [21]  

(~70 °C)  are known from the literature and decreased, as expected, to lower temperatures for the 

copolymers with increasing pDMAEMA part. The different block copolymers are shown in Table 1. 

For illustration of the synthesis of diblock copolymers, see Scheme 1. 

 

Table 1. Molecular weight and nomenclature of synthesized pDMAEMA and 

pDMAEMA -block-pHEMA copolymers, calculated from NMR and GPC. 

Name Polymer 
M (NMR)  

(kDa) 

Mn  

(kDa) 

Mw  

(kDa) 
Mw/Mn  

1 pDMAEMA115 18.3 36.3 39.0 1.08 

2 pDMAEMA97-b-pHEMA11 17.0 43.9 45.5 1.04 

3 pDMAEMA97-b-pHEMA24 18.5 38.4 40.0 1.04 

4 pDMAEMA105-b-pHEMA24 19.9 31.2 31.5 1.01 

5 pDMAEMA115-b-pHEMA6 19.1 31.7 32.4 1.02 

6 pDMAEMA115-b-pHEMA57 25.7 25.9 26.5 1.02 

7 pDMAEMA151-b-pHEMA91 35.7 33.3 34.4 1.03 

8 r-pDMAEMA-pHEMA 1.3-1 29.0 26.6 27.4 1.03 

9 r-pDMAEMA-pHEMA 4.3-1 29.0 22.4 26.9 1.20 
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Scheme 1. Synthesis of pDMAEMA -block-pHEMA. 

 

2.1.3. Synthesis of pDMAEMA-pHEMA Random Copolymers (r-pDMAEMA-pHEMA) 

The synthesis of the random polymers was achieved by simply mixing the monomers before 

starting the reaction. The weights were calculated as described for the macro CTA by correlating the 

signal of the benzyl group with the signal of the side chains of the different monomers. Here, the 

different ratios between the two monomers in the polymer were also calculated. The NMR spectra and 

the ATR spectra were comparable to the ones of the block copolymers, as expected. The ratio of the 

monomers is denoted by the last number in the abbreviated term of the polymers as shown in Table 1. 

2.2. GPC (Gel Permeation Chromatography) Results of the Polymers 

Comparing the values in Table 1, there was a discrepancy between the molecular weight calculated 

by NMR and those values determined by GPC. Since the results for molecular weight depend on the 

way of calculation, a discrepancy between NMR and GPC was expected for the copolymers with 

molecular weights of more than 20 kDa. However, the large differences for the polymers  

below 20 kDa containing a small amount of pHEMA were unexpected. The calculated refractive index 

was possibly not correct as these copolymers may interact with the column material leading to 

incomplete elution. All  the polymers showed a PDI around 1, as expected for RAFT polymerization. 

2.3. Nomenclature of the Synthesized pDMAEMA-block-pHEMA Copolymers 

A library of copolymers containing different amounts of DMAEMA  (2-(dimethyl amino)ethyl 

methacrylate and HEMA (2-hydroxyethyl methacrylate) repeating units was synthesized. The 

polymers were designated and classified as shown in Figure 2(A,B). 
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Figure 2. A, B The library of diblock copolymers sorted according to an increasing 

amount of pDMAEMA (A). The proportion and weight of each block-part in the various 

pDMAEMA-pHEMA copolymers were calculated according to the repeating units (B). 

 

The synthesized polymers can be divided into three groups: homo-pDMAEMA, linear diblock 

pDMAEMA -block-pHEMA copolymers, and random copolymers with alternating sequence of 

pDMAEMA and pHEMA. The hypothesis for this work was that there would be a lower limit  of the 

homo pDMAEMA chain length for effective transfection, and that the lack of transfection efficacy 

could be compensated for by grafting linear pHEMA. A pre-test with a panel of homo-polymers with 

subsequently decreasing pDMAEMA chain length was performed in form of in vitro transfections to 

point out the limit  of transfection capacity of short chain polycations. Together with cytotoxicity data, 

the results from the transfection pre-test of homo-pDMAEMA 15ï290 kDa are presented in  

Figure S2, Supplementary Information. It was found that a pDMAEMA95 homopolymer of 15 kDa  

possessing 95 repeating units was ineffective in gene delivery, whereas pDMAEMA406 with 64 kDa 

efficiently mediated transgene expression. These findings are in line with earlier studies, reporting that 

a 43 kDa homo-pDMAEMA [9] mediated no significant luciferase expression at N/P 8ï20, but that the 

efficacy as vector could be increased at molecular weights above 112 kDa. Accordingly, in the present 

study it was found that the pDMAEMA115 homo-polymer of 18.3 kDa was inefficient and therefore 

chosen as low molecular weight ñsilentò reference vector. The copolymers pDMAEMA115-block-

pHEMA57 &  pDMAEMA115-block-pHEMA6 synthesized here contain the same polycationic part, but 

have increased molecular weights of 25.7 and 19.1 kDa, respectively, due to pHEMA grafting. 

Moreover, longer and shorter pDMAEMA chains were incorporated into other diblock construct to 

investigate the effect of pDMAEMA -block-pHEMA composition on DNA-complexation, charge, 

stability, toxicity, transfection efficacy and cellular uptake. The random pDMAEMA-pHEMA 

copolymers with larger and smaller polycationic parts were also included in the polymer library for 
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investigations of structure function relationships (r-pDMAEMA-pHEMA 4.3ï1 and r-pDMAEMA-

pHEMA 1.3ï1). The created copolymer library allowed for evaluation of the impact of the 

pDMAEMA/pHEMA proportion as well as the percentage of the polycationic part in relation to 

homo-pDMAEMA115 concerning vector efficacy in vitro.  

2.4. DNA Complexation Efficiency 

2.4.1. Agarose Gel Electrophoresis 

According to the gel electrophoresis performed with diblock and random pDMAEMA -pHEMA 

copolymers (Figure 3(AïD)), the N/P ratio of 2 was sufficient for complexing and immobilizing 

pDNA in case of all tested polymers. The N/P ratios of 10, 15 and 20 used for transfection experiments 

showed complete retardation of pDNA (data not shown). No differences were observed concerning the 

complexation efficiency of homo pDMAEMA115 compared to its diblock derivatives with 6  

and 57 pHEMA units, and compared to pDMAEMA105-block-pHEMA24. Copolymer pDMAEMA151-

block-pHEMA91 performed similarly as pDMAEMA115, but showed more complete retardation at  

N/P 1. Copolymer pDMAEMA97-block-pHEMA11 performed similarly to pDMAEMA151-block-

pHEMA91. Yet, the random copolymers and pDMAEMA97-block-pHEMA24 were able to retard DNA 

at N/P 1 already, outreaching PEI 25k in its complexation properties. Based on the obtained gel 

electrophoresis data, all tested low molecular pDMAEMA-pHEMA constructs showed good  

pDNA-complexation even at low N/P ratios. The marginal differences of DNA-retardation at N/P 1 

may be evidence of the impact of the polymer structure on interactions with pDNA. One of these slight 

differences can be seen in Figure 3(C), where pDMAEMA97-block-pHEMA24 shows a better 

complexation of DNA than pDMAEMA97-block-pHEMA11 at N/P ratio 1. The efficient complexation 

ability of the 15.3 kDa polycationic part of diblock copolymer pDMAEMA97-pHEMA24 was 

unexpected, as a 11.1 kDa homo-pDMAEMA was reported by Jiang et al. to be a poor complexer [15]. 

Figure 3. A, B, C, D. Electrophoretic mobility of free and complexed DNA in agarose gel 

(Each row starts with free DNA and is continued by N/P 0.5, 1, 2 complexes with the 

indicated polymers. Polymers are separated by white vertical lines).  
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2.4.2. Heparin AssayðStability against Competing Polyanions 

The trend observed in gel retardation experiments using polyplexes of lower N/P ratios 

corresponded well with the heparin competition assay of polyplexes at N/P 15 (Figure 4(AïD)). The 

copolymers with the same cationic block length of 115 units released DNA upon addition of the same 

heparin amount of 0.46 international units (IU). The copolymers pDMAEMA151-block-pHEMA91, 

pDMAEMA105-block-pHEMA24 as well as pDMAEMA115-derivatives appeared to be more resistant to 

competition with heparin than PEI 25k at 0.46 IU heparin, whereas pDMAEMA151-block-pHEMA91 

had a less pronounced fluorescent band in lane 4 (0.46 IU). The random copolymers and 

pDMAEMA97-block-pHEMA11 were even more resistant to the presence of heparin releasing DNA 

only at higher concentrations of 0.93 IU. The highest resistance to competitive polyanions was 

observed in case of pDMAEMA97-block-pHEMA24, where 1.87 IU of heparin was needed to release 

DNA from the complex. Taken together, the most stable complexes were obtained using random 

copolymers and short chain diblock copolymers with only 97 pDMAEMA units. This may be due to a 

better interaction of copolymers with DNA thus providing a tighter polyplex structure. All  tested 

copolymer complexes released DNA at heparin concentrations higher than the ones needed for 

destabilization of PEI 25k polyplexes. This fact can be interpreted as an advantage for protecting 

genetic material, but as well as a disadvantage, as far as DNA release is concerned at the site of action. 

Accordingly, decreased DNA release may cause reduced transfection efficiency of the most stable 

complexes. 

Figure 4. A, B, C, D. Heparin assay: displacement of DNA from polyplexes with 

polyanion on agarose gel. 
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2.5. Size and Zeta Potential  

2.5.1. Size and Zeta Potential of Polyplexes in Isotonic Glucose 

Isotonic glucose solution was used to formulate polyplexes with pDNA. For complete  

self-assembly of polyplexes, a 20 min incubation time was maintained after mixing. In measurements 

after shorter or no incubation, higher polydispersity indices and larger complex sizes were obtained 

(data not shown). PEI 25k yielded DNA-polyplexes in the size range <100 nm at all N/P ratios. At N/P 

ratios of 10, 15 and 20, the polyplex sizes of pDMAEMA -block-pHEMA diblock copolymers did not 

show statistically significant differences in hydrodynamic diameters compared to each other. All  

polymers were able to complex pDNA into polyplexes with hydrodynamic diameters of 100ï170 nm. 

This is considered a size range suitable for cellular uptake [31,32]. Larger polyplexes were formed 

only in case of pDMAEMA105-block-pHEMA24 at N/P ratio 10, which may be due to complexation 

irregularities reflected in the broad standard deviation (Figure 5(A)). The hydrodynamic diameter of 

naked plasmid was earlier reported to be in the range of 300ï400 nm [12].  

The zeta potentials of polyplexes from diblock copolymers ranged from 10 to 30 mV depending on 

the N/P ratio (Figure 5(B)). A significant increase of the zeta potential at N/P 20 was only registered 

for pDMAEMA105-block-pHEMA24 and r-pDMAEMA-pHEMA 1.3:1. In general, no reduction in 

positive charge density could be observed for pHEMA-grafted copolymers in comparison to  

homo-pDMAEMA, suggesting that the pHEMA chains may not be localized on the polyplex surface 

but closer to the core of pDMAEMA and pDNA. The polyplex size also remained in the range of 

homo-pDMAEMA complexes with no obvious disturbance of complexation caused by grafting of 

pHEMA. Additionally, Figure 6(A,B) demonstrates similar trends in polyplex size and zeta potential 

concerning pDMAEMA115-derivatives.  

Figure 5. A, B. Polyplex sizes and zeta potentials of all synthesized polymers in isotonic 

glucose. Significant differences in size and zeta potential comparing N/P 15 versus all 

other N/P 10 and 20 of one polymer according to two-way ANOVA are labeled  

(***p  < 0.001, **p  < 0.005 and *p < 0.01). 
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Figure 6. A, B. Polyplex sizes and zeta potential of pDMAEMA115 derivatives in isotonic glucose. 

 

2.5.2. Polyplex Aggregation Behavior in Isotonic Salt and Glucose Solution over Time 

According to the measurements of hydrodynamic diameters of polyplexes incubated in isotonic 

glucose and NaCl solution, similar trends were observed for pDMAEMA115 and pDMAEMA115-block-

pHEMA57. In glucose, both polymer types showed good stability of their polyplexes with pDNA 

(Figure 7). In high ionic strength solution, on the contrary, significant polyplex aggregation could be 

observed and larger sized constructs appeared over time. From the aggregation experiment it may be 

expected that both types of polymers behaved similarly in cell experiments, as polyplexes of both 

types aggregated rapidly in the presence of high ionic strength medium. However, the Hennink group 

previously reported that the transfection efficiency of pDMAEMA polyplexes was not decreased in 

spite of an observed increase in size in the presence of serum [10,12].  

Figure 7. Polyplex behavior of homo- and diblock-copolymers in isotonic glucose and 

NaCl as a function of incubation time. 

 


