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Abstract 

 

Background  

One of the major challenges limiting  development of gene therapy is absence of efficient and 

safe gene carriers. Among the non-viral gene delivery methods, lipofection is considered as 

one of the most promising. In this study a set of cationic polyprenyl derivatives 

(trimethylpolyprenylammonium iodides – PTAI) with different lengths of polyprenyl chains 

(from 7, 8 and 11 to 15 isoprene units) was suggested as a component of efficient DNA 

vehicles.  

Methods 

Optimization studies were conducted for PTAI in combination with co-lipid DOPE 

(dioleoylphosphatidylethanolamine) on DU145 human prostate cancer cells using: size and 

zeta potential measurements, confocal microscopy, fluorescein diacetate/ethidium bromide 

test, cell counting, time-lapse monitoring of cell movement, gap junctional intracellular 

coupling analysis, antimicrobial activity assay, red blood cell hemolysis test. 

Results 

The results show that the lipofecting activity of PTAI allows effective transfection of plasmid 

DNA complexes in negatively charged lipoplexes of 200 - 500 nm size into cells without 

significant side effects on cell physiology (viability, proliferation, morphology, migration and 

gap junctional intercellular coupling – GJIC). Moreover, PTAI-based vehicles exhibit a 

potent bactericidal activity against Staphylococcus aureus and Escherichia coli. The 

developed anionic lipoplexes are safe towards human red blood cell membranes which are 

not disrupted in their presence.  
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Conclusions 

The developed carriers constitute a group of promising lipofecting agents of a new type and 

can be utilized as effective lipofecting agents in vitro and are a promising basis for in vivo 

applications. 
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Gene – delivery, gene therapy, gene – transfer, plasmid – gene delivery, plasmid – 

transfection, vector – non-viral, transfection, enhanced green fluorescent protein (eGFP). 

 

Introduction 

Progress in understanding the pathogenesis of many disorders and enormous 

methodological development that has been made in the field of nucleic acid transfer 

technology has opened perspectives for new applications of DNA and RNA delivery 

techniques and their introduction into laboratory and clinical practice. In fact, nucleic acids 

are nowadays regarded as drugs against a constantly increasing number of genetic and 

acquired diseases. These include hemophilia, autosomal dominant disorders, immune 

deficiency, chronic inflammation and intractable pain, as well as HIV, cystic fibrosis, 

artherosclerosis, rheumatoid arthritis and cancer [1]. The promising and continuously 

growing potential of gene therapy for the treatment of diseases currently considered as 

incurable, prompts research for effective vectors that could be safely applied in vivo.  

Whereas the most effective gene delivery strategies are based on viral vectors, their 

application in clinics meets a number of substantial obstacles, i.e. a limited payload capacity, 

mutagenic, oncogenic and auto-immunogenic side effects, and expensive large-scale 

production [2]. Non-viral vehicles represent a promising alternative because they are safe and 
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relatively cheap in large-scale production. Among the gene transfer strategies employing non-

viral vectors, lipofection is considered as one of the most promising options. Lipid-based 

carriers are appreciated for their versatility, low immunogenicity, simplicity of application 

and easy modification to meet case-specific requirements [3]. The lipofection strategy is 

mostly based on cationic lipids which can spontaneously interact with negatively charged 

nucleic acids to form lipoplexes (complexes of lipids and DNA). Their non-specific 

interaction with cell surface proteins and sugars on the plasma membrane stimulates the 

endocytic pathway leading to formation of endosomal vesicles. Mixtures of cationic and 

neutral lipids (also designated as helper or co-lipids), for instance DOPE 

(dioleoylphosphatidylethanolamine), change the properties of lipoplexes facilitating 

endosomal escape of nucleic acids [4],[5]. DOPE promotes formation of more fusogenic 

inverted hexagonal structures, compared to other helper lipids that form more stable laminar 

structures e.g. DOPC [6]. 

Due to their potential as vectors for genetic drug delivery, intensive research has been 

recently carried out to elaborate an optimal lipid carrier. Despite the fact that numerous 

cationic and helper lipids have been synthesized, many of them being the subjects of patent 

applications [7], none of the so far developed lipofecting formulas appear ideal. This may 

result from the fact that the lipofection efficiency depends not only on the composition of 

lipids and co-lipids, but also on the properties of target cells and the conditions of lipofection 

(e.g. in vitro vs. in vivo). Furthermore, the multitude of pathways and mechanisms implicated 

in the process of lipofection accounts for the complexity of the structure-safety-efficiency 

relationships [8]–[10]. Conflicting reports on the effect of vectors and lipoplex properties on 

transfection efficiency additionally hinder the application of new lipids and co-lipids in gene 

delivery [7],[11]–[16]. Therefore, trials on the improvement of the lipofection strategy are 
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still largely based on empirical approaches towards the formulation of optimal lipids, 

especially in the case of new and distinct classes of lipofecting compounds.  

Polyisoprenoids are lipid components of the cellular glycosylation machinery in 

prokaryotes (polyprenol) and eukaryotes (dolichol) and are biosynthetically interconnected 

with other crucial elements of cellular metabolism (e.g. ubiquinone, cholesterol, prenylated 

proteins). Moreover, polyprenols and dolichols are known to increase the fluidity and 

permeability of lipid membranes [5,6 and references therein], and these physico-chemical 

properties stimulated us to synthesize the cationic derivatives of polyprenyl alcohols. Such 

forms of polyprenols or dolichols are most probably absent in living organisms, but can be 

synthesized chemically from isoprenoid alcohols accumulated in the cells. Previously, we 

have described preliminary yet encouraging data on the lipofecting activity of polyprenyl 

derivatives [19], which prompted further chemical approaches to synthesize analogues of a 

similar structure [20]. 

The aim of the present study was to estimate the lipofecting potential and cellular effects of 

the set of cationic polyprenyl derivatives (trimethylpolyprenylammonium iodides – PTAI) 

with different lengths of polyprenyl chains (from 7, 8 and 11 to 15 isoprene units). 

Comprehensive analyses of their properties also enabled the optimization of the lipofecting 

mixture and to define the factors crucial for lipofecting efficiency, cytotoxic and cytostatic 

effect of PTAI.  
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Materials and methods 

 

PTAI chemical synthesis and purification  

Trimethylpolyprenylammonium iodides (PTAI, Fig. 1) differing in the numbers of isoprenoid 

residues (n = 7, 8, 11, 15) were prepared from naturally occurring polyprenols according to 

Madeja et al. 2007 [19], with modifications. All polyprenols for the synthesis of cationic 

derivatives were from the Collection of Polyprenols, Institute of Biochemistry and 

Biophysics PAS, Warsaw. The relevant preparation procedures were described in a patent 

application (PL 2012, B1 211824). All products were stable as demonstrated by thin-layer 

chromatography on silica gel plates (Merck), which showed single spots in 

chloroform/methanol/water (65 : 25 : 4, ; Rf = 0.66);  in n-butanol/acetic acid/water (66 : 17 : 

17; Rf = 0.23); in n-propanol/ammonia/water (8 : 1 : 1; Rf = 0.10) and in ethyl 

acetate/methanol/acetic acid (75 : 20 : 5; Rf = 0.03). No symptoms of decomposition were 

noticed after the TLC test for any of the compounds after one year of storage in a dry state in 

the argon atmosphere at -80ºC.  

 

Cell cultures  

Human prostate cancer DU145 cells were cultured in DMEM F12 HAM medium (Sigma-

Aldrich, St. Louis, USA), supplemented with 10% heat-inactivated fetal calf serum (FCS; 

Gibco Lab., New  York, USA), 100 IU/ml penicillin, 10/µg/ml neomycin and 10 µg/ml 

streptomycin (Polfa, Tarchomin, Poland) in a humidified atmosphere with 5% CO2 at 37°C. 

Escherichia coli and Staphylococcus aureus were cultured on tryptic soy agar (TSA; Sigma-

Aldrich, St. Louis, USA) – E. coli and LB (Bioshop, Burlington, Canada) agar plates – S. 

aureus, respectively. 
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Preparation of lipofecting mixtures and transfection procedure  

PTAIs (PTAI-7, -8, -11,  or -15) and helper lipid L-α-phosphatidylethanolamine dioleyl 

(DOPE, Sigma-Aldrich, St. Louis, USA) were dissolved in 99% ethanol to achieve final 

concentrations of 10 mg/ml and 3.2 mg/ml, respectively. Next, they were diluted in serum-

free DMEM F12 HAM medium at the indicated PTAI/DOPE ratio and vortexed extensively 

(half of the maximal speed of Grant-bio PV-1 vortex mixer (Grant Instruments, Cambridge, 

UK) for 3 min to obtain a PTAI+DOPE solution (ethanol content around 47%). The plasmid 

pEGFP-C1 encoding “enhanced green fluorescent protein GFP” (kindly supplied by 

Professor A. F. Sikorski, University of Wrocław, Poland) was dissolved in serum-free 

DMEM F12 HAM to the final concentration of 0.08 µg/µl. Equal volumes of the 

PTAI+DOPE solution (the final concentration indicated in the text) and plasmid DNA were 

gently mixed by pipetting (ethanol content 0.2 – 6% depending on the applied PTAI), 

incubated for 30 min at room temperature to obtain lipoplexes and diluted in serum-free 

DMEM F12 HAM medium (1:4; ethanol content 0.1 – 1.5 %). 

DU145 cells were seeded into the wells of a 24-well plate at a density of 8×10
4
 cell/well 

and cultivated for 24 h in DMEM F12 HAM medium with 10% FCS without antibiotics (to 

reach 70–80% confluence). Next, the medium was aspirated and replaced with 200 µl of 

serum-free DMEM F12 HAM medium and 200 µl of the lipoplex suspension. After 5 h of 

incubation at 37°C in 5% CO2, 400 µl of DMEM F12 HAM medium supplemented with 20% 

of FBS and antibiotics was added to the transfection medium. The Lipofectamine 2000 

Reagent (Invitrogen–Life Technologies, Carlsbad, USA) was used as a positive control. For 

cell transfection, diluted pEGFP-C1 plasmid was combined with diluted Lipofectamine 2000 

(1 µl of Lipofectamine 2000: 2 µg of plasmid) and incubated for 30 min at RT. Then, the 

diluted complexes were used for the transfection procedure as described above. 
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The transfection efficiency was calculated after 24 h of cell incubation with lipoplexes. 

Cells were washed with PBS, incubated in the presence of Hoechst 33342 (1 µg/ml in PBS; 

Sigma-Aldrich, St. Louis, USA) for 10 min, washed again with PBS and submerged in 

DMEM F12 HAM medium with 10% FBS. The percentage of transfected cells was 

calculated under fluorescent Leica DM IRE2 microscope (Leica Microsystems GmbH, 

Wetzlar,  Germany) equipped with Leica DC350 FX digital camera according to the 

following formula: Le= (NGFP/NHoe) × 100% (where NGFP -Number of cells expressing GFP; 

NHoe - Number of cells stained with Hoechst 33342).   

 

Confocal microscopy analysis  

The PTAI-7+DOPE-based lipofecting mixture was prepared as described above and used to 

make a lipoplex mixture with Cy-3-labeled plasmid DNA (2.7 kb, Label IT Plasmid Delivery 

Control, Mirus Bio LLC, Madison, USA). After transfection in standard conditions, DU145 

cells were fixed with 3.7%-formaldehyde, permeabilized with 0.1% Triton X-100 and 

counterstained with Hoechst 33342. Cells were visualized with Leica TCS SP5 II scanning 

confocal microscope and data was analysed with Leica Application Suite Advanced 

Fluorescence (LAS AF) software. 

 

Gel retardation assay 

Lipoplexes were prepared as described above and mixed with the loading dye solution to 

achieve a final concentration of pEGFP-C1 plasmid 0.04 µg/µl, and incubated for 30 min at 

RT. Then, they were loaded onto 0.8% agarose gel (TAE buffer) stained with SimplySafe dye 

(EURx, Gdańsk, Poland). Perfect Plus 1 kb DNA Ladder (EURx) was used as an internal 

control. Electrophoresis was carried out under a constant electric field (65 V, 60 min) at RT. 
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Size and zeta potential measurements  

Vectors and lipoplexes were prepared as described above. Lipoplexes were prepared in 

DMEM F12 HAM medium. Malvern Nano ZS light-scattering apparatus (Malvern 

Instrument Ltd., Worcestershire, UK) was used for dynamic light scattering (DLS) and zeta 

potential measurements. The samples were illuminated with a 633 nm laser, and the 

intensities of scattered light at the angle of 173° were measured using an avalanche 

photodiode. A diameter (Intensity PSD mode) and dispersity (PDI) were automatically 

calculated using the software provided by Malvern. The zeta potential was measured using 

the technique of laser Doppler velocimetry (LDV).  

 

Cell viability and proliferation assays  

To determine the effect of PTAI-7/8/11/15 + DOPE lipoplexes on cell viability, DU145 cells 

were incubated with optimal concentrations of lipoplexes for transfection. After indicated 

time intervals, cells were harvested and the number of viable cells was determined by the 

fluorescein diacetate/ethidium bromide test [21]. At that point the number of cells was also 

determined for proliferation analysis. 

 

Cell motility assay  

Motility of DU145 cells was estimated 24 h after transfection by time-lapse monitoring of 

their trajectories. Tracks of individual cells were determined from the series of changes in 

cell centroid positions (8 h with 5 minute intervals), pooled and analysed as previously 

described [22],[23].  
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Gap junctional intracellular coupling (GJIC) analyses  

GJIC intensity was measured by a fluorescent dye transfer assay as previously described [24] 

with some modifications. Briefly, donor DU145 cells labelled with calcein and DiI (both 

from Invitrogen-Life technologies, Carlsbad, USA) were plated (at a ratio of 1:50) onto 

monolayers of DU145 acceptor cells, 24 h after transfection with PTAI-based lipoplexes. The 

dynamics of calcein transfer from the donor to acceptor cells was visualized using Leica 

DMI6000B-AF7000 microscope and the percent of donor cells capable of coupling with at 

least one acceptor cell within 1 h after seeding was calculated as the coupling index – Ci. 

 

Antimicrobial activity assay  

The antimicrobial activity of PTAI-7/8/11/15+DOPE vectors and lipoplexes was analysed by 

colony reduction assay. E. coli (strain ATCC 33694) and S. aureus (strain ATCC 29213) 

were suspended in RPMI-1640 medium (PAA; GE Healthcare Life Sciences, Little Chalfont, 

UK) with 10% HBSS (PAA; 3.6×10
6
 and 3.6×10

5
 cells/ml, respectively) and mixed in 1:1 

volume ratio with samples of DMEM F12 HAM medium containing vectors or lipoplexes at 

the final concentrations given in the text and incubated for 2 h at 37°C. Then, the samples 

were diluted and plated on TSA (Fluka, Sigma-Aldrich, St. Louis, USA; S. aureus) or LB 

agar (Bioshop, Canada) plates (E. coli) and incubated for 12 h at 37°C. The CFU (Colony 

Forming Units; CFU/ml) was calculated and bacteria survival was shown as a percent of 

control. 

 

Red blood cell hemolysis assay  

A red blood cell (RBC) hemolytic activity of PTAI-based vectors and lipoplexes was tested 

with human RBCs suspended in PBS. RBCs derived from a healthy volunteer donor were 

purified in 3 centrifugation (1000 × g for 10 min at RT)/PBS re-suspension (2 × volume) 
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cycles and diluted in PBS (50-fold of original blood volume). Vectors and lipoplexes, 

suspended in F12 HAM medium, were added to RBC suspensions to achieve the 

concentrations given in the text, and incubated for 1 hr at 37°C. The samples were then 

centrifuged at 1000g for 10 min and the supernatants were transferred into a 96-well 

microtiter plate for haemoglobin release analysis. The relative haemoglobin concentration in 

supernatants was monitored with the Multiscan FC system (Thermo Scientific) by measuring 

the absorbance of the supernatant at 405 nm. Samples treated with 1% Triton X-100 were 

used as a positive (100%) control, whereas PBS/F12 HAM medium was used as a negative 

control.  

 

Statistical analysis  

Each parameter was calculated as the mean of three independent measurements +/- standard 

deviation (SD) or standard error of the mean (SEM) where indicated. In the time-lapse 

monitoring of movement of individual cells, the statistical significance between the speed of 

cell movement was determined by the Student's t-test. For the GJIC results the statistical 

significance was determined by the Dunnett’s test. No significant differences were found in 

both applied tests – Student's t-test (p>0.01), Dunnett’s test (p>0.05). 

 

Results 

 

Efficacy of PTAI-based lipofection is dependent on the length of the PTAI polyprenyl 

chain 

We have previously demonstrated that PTAI-7+DOPE-based lipoplexes show strong 

lipofecting activity which depends on the cationic lipid helper ratio [19]. Analyses performed 

in this study with the aid of confocal microscopy revealed the intranuclear localization of Cy-
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3-labeled plasmid DNA delivered with PTAI-7-based vectors in DU145 cells (Fig. 2A). 

These results prompted us to check if the length of the hydrophobic chain affects transfection 

efficiency of PTAI. GFP expression analyses demonstrated that all tested polyprenyl iodides 

with different lengths of polyprenyl chains (PTAI-7/8/11/15) were effective components of 

lipofecting mixtures (Fig. 2B). 

Application of 3µg/well AP-7+DOPE mixture at a molar ratio of 1.5:1, along with 

2µg/well of pEGFP-C1 plasmid yielded the optimal transfection efficiency of PTAI-7 (60.2 ± 

2.2%, Fig. 3A-C). Application of iodides with longer polyprenyl chains (especially PTAI-11 

and -15) yielded even higher transfection efficiencies, corresponding to those observed for 

the commercial lipofectant Lipofectamine 2000. Similar optimization performed for other 

PTAIs studies showed that the optimal PTAI:DOPE molar ratio for these compounds is 1.5:1 

or 1:1 for PTAI-8 or PTAI-11 and -15, respectively (Fig. 3D, Supplementary figures 2, 3, 4). 

We speculate that the estimated, relatively higher amount of helper lipid in lipoplexes may be 

necessary to compensate for lower lipid mixing (with cell or endosomal membrane lipids) 

and fusiogenic capacity of cationic lipids with longer hydrophobic chains as reported for 

other lipids [25].  

 Moreover, we observed that PTAI of higher lengths required an increased total lipid amount 

necessary for the optimal transfection efficiency (Fig. 3D, Supplementary figures 2, 3, 4).  

On the other hand, PTAI are monovalent lipids and their charge/mass ratio is strictly 

dependent on the length of the polyprenyl chain. Therefore, it seems possible that a larger 

amount of longer-chain PTAI is required to ensure the same pEGFP-C1 plasmid 

complexation capacity. This hypothesis was verified by carrying out a pEGFP-C1 plasmid 

gel retardation assay, which demonstrated that 15 µg of PTAI-7+DOPE (1.5:1) was sufficient 

for the optimal complexation of 2 µg of pEGFP-C1 (Fig. 3E). In contrast, even 20 µg of 

PTAI-11+DOPE was not enough to achieve such an effect. Furthermore, complete pEGFP-
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C1 plasmid complexation seemed unnecessary for optimal efficiency of transfection. In 

optimal conditions (3 µg of lipids for PTAI-7 and 7.5 µg for PTAI-11) as little as half of the 

pEGFP-C1 plasmid amount was complexed and protected from DNase degradation (Suppl. 

Fig. 5). This was illustrated by residual bands corresponding to free pEGFP-C1 plasmid upon 

electrophoretic analysis (Fig 3E), which on the other hand seemed to have no negative effect 

on transfection efficiency and was susceptible to DNAse treatment (Suppl. Fig. 5). 

Importantly, pEGFP-C1 plasmid binding properties of PTAI-based formulations are similar 

to those estimated for optimal efficiency of transfection of Lipofectamine 2000 (optimal 

transfection was achieved at 1 µl of Lipofectamine 2000, Fig 3E).  

 

Particle size and ζ potential as determinants of lipofecting activity of PTAI 

Our observations indicate that PTAI-based vectors are efficient plasmid DNA carriers and 

complete DNA complexation is not crucial for the efficiency of PTAI-based gene transfer. 

Therefore, we further concentrated on the determinants of PTAI-lipoplex efficiency. For 

instance, the size of lipoplexes is a parameter determining the efficiency of the endocytic 

pathway of lipoplex internalization. In our experiments, the sizes of the most effective PTAI 

lipoplexes were 200 – 300 nm, except for PTAI-15+DOPE vehicles which were 310 ± 22 nm 

and PTAI-15+DOPE +pEGFP-C1 lipoplexes which ranged between 426-485 nm (Fig. 4A). 

All of them are within the range of 200-500 nm that has been shown to enter cells via 

caveolae-mediated endocytosis [26]. There was also a small portion of much bigger (approx. 

5000 – 5500 nm) particles identified for all vehicles (1.6-3.2%) and PTAI-15+DOPE 

lipoplexes (4.1-5.1%). All of the lipoplexes maintained their initial size during 5h of 

experiment (Fig. 4A).  

Interestingly, when stored at 4°C, PTAI-7, -8 and 11 - based vectors were effective for at 

least 18 months of storage (data not shown). In contrast, PTAI-15 - based vectors lost their 
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lipofecting activity during storage. Their efficiency dropped to 15% and 2% of transfected 

cells after 1 month and 15 months post preparation, respectively, compared to freshly 

prepared lipofectant (data not shown). Interestingly, the loss of the lipofecting activity by 

vehicles during longer storage is characteristic only for PTAI-15+DOPE-based particles 

creating lipoplexes with a tendency for aggregation (Fig. 4A). 

Similarly to the size of lipoplexes, ζ potential has long been considered as a parameter 

correlated with the lipofecting capacity. Examination of ζ potential is an indirect estimation 

method of the particle surface charge. The positive charge of vehicles is supposed to enable 

interactions with negatively charged DNA. ζ potentials estimated for PTAI-based vehicles 

ranged between +21 and +31mV (Fig. 4B). Interestingly, a small but systematic decrease of 

zeta potential of vehicles and lipoplexes was observed along with the increasing length of the 

polyprenyl chain. This is probably connected with the charge/mass ratio of PTAI strictly 

dependent on the length of the chain. The positive charge of lipoplexes after DNA 

complexation is generally believed to be necessary to ensure the association of lipoplexes 

with cell membranes [27],[28]. However, PTAI-based lipoplexes were negatively charged 

(from -21 to -29 mV; Fig. 4). This somewhat surprising observation confirms that the positive 

charge of lipoplexes is not an absolute requirement for effective lipofection [29]. Moreover, 

negative ζ potential values of lipoplexes were reported to be beneficial for in vivo 

applications [30],[31]. All of these examinations consistently characterized PTAI-based DNA 

delivery vehicles as medium-sized, positively charged particles; their long-lasting DNA 

complexing capability makes them suitable for storage for at least 18 months (PTAI-7,8,11), 

while negatively charged lipoplexes work effectively for at least 5 h after preparation. 

For comparison, the previously described size of Lipofectamine 2000 liposomes was ~140-

500 nm  and lipoplexes ~150-600 nm [32],[33]. Lipofectamine 2000-based lipoplexes were 

reported to have a negative charge from -12 to -25 mV for different Lipofectamine2000/DNA 
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charge ratios, while Lipofectamine 2000 liposomes proved to be both positive +46.7 mV [33] 

and negative -4 mV [32]. Our results suggest that PTAI-based lipoplexes have similar 

characteristics to Lipofectamine 2000. This may be a promising prognostic factor as 

Lipofectamine2000 is one of the best commercially available lipofecting agents.    

 

Cell type-specific reactions of procaryotic and eukaryotic cells to PTAI-based 

lipofection  

Examination of the effect of PTAI-based vehicles and lipoplexes on procaryotic and 

eukaryotic cells may provide valuable information about their structure/function 

relationships. The expected outcome of the lipofection procedure is nucleic acid delivery 

without affecting target cell survival and physiology. To elucidate the effect of PTAI-

lipoplexes on target cells, we used the previously established approach based on the 

monitoring of basic traits of model prostate DU145 cells. Polyprenyl-based lipoplexes 

appeared to have no cytotoxic effect on DU145 cells (Fig. 5A). Instead, they exerted a 

significant effect on their proliferation (Fig. 5B) and morphology (Fig. 5D), which, however, 

was less pronounced than that of Lipofectamine 2000 (at least for PTAI-7). In order to reduce 

the unfavourable cytostatic effects of lipoplexes, their concentration was lowered to achieve 

efficient lipofection without any effect on cell proliferation (Fig. 5C). Thus, the conditions 

obtained during optimization of lipofection lead to formation of effectively acting lipoplexes 

which may successfully transfect cells even at lower, non-cytostatic concentration (Fig. 

5C,D). 

Moreover, it has long been suggested that EGFP expression affects cell physiology [34]. 

Therefore, experiments with an empty pcDNA3 plasmid were conducted and they revealed 

(Fig. 5C) that indeed cell proliferation is affected not only by the presence of lipids, but also 
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by EGFP expression itself. Thus an empty pcDNA3 plasmid was used in all subsequent 

experiments aimed at testing the impact of lipofection on the cell function. 

Non-cytostatic conditions (Fig. 5C,D) of PTAI-based lipofection were used for further 

analyses of their effects on DU145 cells (Fig. 6). As described above, our results 

demonstrated that even though lipofection exerted no cytotoxic effect on DU145 cells, it may 

affect other cellular processes (e.g. proliferation). However, analyses of lipoplex influence 

cell motility (pEGFP-C1 – Fig. 6A, pcDNA3 – data not shown) and gap junctional 

intercellular coupling (GJIC) (pcDNA3 – Fig. 6B,C) demonstrated that PTAI-based 

lipofection remained neutral to both of these traits. 

Although, eukaryotic cells were the focus of our attention, simplified cellular systems 

based on Gram-positive S. aureus, Gram-negative E. coli, and human red blood cells (RBCs) 

were also employed to comprehensively estimate PTAI-based carrier interactions with 

different cell types. Cationic DNA vehicles are believed to act analogously to naturally 

occurring peptide antibiotics due to their cationicity and amphipathicity, according to data 

proving their antibacterial activity [35]. Polyisoprenoids, polyprenyl-based vectors and 

lipoplexes were also tested in this context. 

All the vector formulations PTAI-7/8/11/15 + DOPE had strong antimicrobial activity 

against E. coli (Fig. 7A), while only PTAI-7+DOPE and PTAI-8+DOPE were significantly 

harmful for S. aureus (Fig. 7A). 

The difference may be due to the fact that Gram-negative E. coli has an outer membrane 

and exposes highly anionic lipids at its surface, which may be the target for positively-

charged polyprenyl-based vectors, while Gram-positive S. aureus has peptidoglycan on its 

surface, making lipid interaction more difficult. This activity was maintained for up to 17 

months after preparing a ready-to-use reagent (not shown). DOPE addition enhances PTAI 

activity against E. coli and reduces it against S. aureus (Fig. 7B). Since DOPE, used in 
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bacterial membrane-mimicking liposomes [36], strongly influences the membrane-disrupting 

activity of antibacterial agents [37], we hypothesize that it can facilitate interaction with the 

membrane of Gram-negative, but not Gram-positive bacterial cell surfaces. Neutralization of 

the positive charge by plasmid DNA also neutralizes antimicrobial properties (Fig. 7B). In 

the case of E. coli and newly prepared lipoplexes (Fig. 7B), this effect is incomplete. This 

indicates that not only the surface charge, but also the composition of interacting lipids plays 

a role in this process [37]. 

As our carriers are potentially good candidates for in vivo applications because of the 

negative charge of lipoplexes, experiments on the hemolytic activity of PTAI vectors and 

lipoplexes were conducted. In the case of sole cationic derivatives of polyprenols and the 

vehicles, the hemolytic activity was correlated with the length of the polyprenyl chain. 

Derivatives with shorter polyprenyl chains (PTAI-7, 8) ruptured RBC membranes more 

efficiently than their counterparts with longer ones (PTAI-11,15). A similar tendency was 

observed for the vehicles, while all the PTAI-based lipoplexes (PTAI-7, 8, 11 and 15) were 

neutral to RBCs (Tab. 1). Altogether these data confirm that the hemolytic activity (similarly 

to antimicrobial properties), depends on the positive charge of particles and is no longer 

present after complexation of plasmid DNA. 

 

 

Discussion 

The idea of constructing cationic vehicles built from linear isoprene polymers was 

prompted by reports on the effect of polyisoprenoid alcohols and their derivatives 

(phosphates) on the structure of lipid membranes [17],[38]. Since the pioneering work of 

Felgner et al. (1987) [39], finding an ideal cationic lipid and optimal formulation for 

lipofection has been regarded as a great challenge. Previously, we demonstrated that 
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lipoplexes prepared from a polyprenyl derivative of plant polyprenol (PTAI-7) and DOPE 

display a transfecting activity corresponding to that of Lipofectamine 2000 [19]. Here we 

present an optimized lipofecting mixture and show that the entire set of polyprenyl-based 

derivatives can be considered for creating new, effectively acting and stable lipofection 

reagents. Moreover, detailed elucidation of lipofection conditions established the 

determinants of DNA complexing and transfecting capability of PTAI-based lipoplexes.  

Whereas all tested PTAI-based compounds have high transfection efficiency, slight 

differences in optimal transfection conditions hinted towards the identification of features 

crucial for the transfecting capability. At the level of DNA complexing activity, the ability of 

vehicles to condense and protect DNA from degradation determines their efficacy. Positively-

charged vehicles readily interact with negatively charged nucleic acids and form lipoplexes 

most probably via electrostatic interaction when dispersed in an aqueous solution. This 

interaction is strictly connected with the positive charge of the applied lipid. Our observations 

show that the optimal amount of lipids used for transfection correlates with the increasing 

length of polyprenyl chain, confirming the relevance of this mechanism for PTAI-based 

vehicles, because a greater amount of monovalent PTAIs with longer polyprenyl chains is 

required to ensure the same positive charge and complex DNA as efficiently as short-chain 

polyprenols. Interestingly, free, non-complexed DNA probably remaining in the form of 

molecules less firmly bound to the surface of the lipoplex does not seem to have any 

unfavourable effect on transfection efficiency. Moreover, the hypothesis that it is required for 

the optimal efficiency and negative charge of lipoplexes can be taken into consideration. 

Our data also show that the DNA complexing capability of polyprenyl-based lipoplexes 

results in formation of middle-sized lipoplexes. The size measurement results show that 

polyprenols offer a great complexity. This is consistent with the literature. Studies on 

polyisoprenoids strongly suggest that these long-chain molecules when present in the lipid 
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bilayer possess a specific coiled conformation and consequently the length of the 

hydrocarbon chain is much shorter than the predicted sum of respective C-C bonds [40]–[43]. 

Conflicting data exist on the influence of the lipoplex size on transfection efficiency and the 

optimal size has not been clearly defined so far [44]. In our experiments, all of the lipoplexes 

were medium-sized (200-300 nm) and highly effective, despite suggestions that such particles 

may be limited by diffusion and trigger worse cellular trafficking than larger lipoplexes [45]. 

Larger particles, up to 400-500 nm, can be efficiently processed by internalization pathways 

[46] and targeted lipoplexes close to 300 nm can be efficiently used both in vitro and in vivo 

[47].  

Moreover, positively charged polyprenyl-based vectors meet the crucial requirement for 

interaction with the negatively charged phosphates on DNA: we demonstrated that efficient 

transfection was provided by negatively charged polyprenyl-based lipoplexes. This finding is 

somewhat surprising because positively-charged lipoplexes constitute the overwhelming 

majority of efficient non-viral vectors described in the literature and are generally considered 

more efficient [44]. The shift to a negative charge of lipid-based vehicles after DNA 

condensation was originally thought to ruin DNA protection and inhibit cell association and 

entry. Our results show that this is not an indispensable condition and negatively-charged 

lipoplexes still protect a sufficient amount of pDNA and successfully interact with cell 

membranes. This result finds confirmation in the literature [29],[33],[48]. However, some 

anionic lipoplexes are accompanied by Ca2+ ions [49]–[51] that are suggested to play a role 

in the lipoplex-cell membrane interactions. Anionic vehicles for nucleic acids are intensively 

developed [52]–[54]. Moreover, negatively charged lipoplexes can be useful for in vivo 

applications [30],[55] and are less toxic than positively charged ones [54],[56]. Our 

observations of the differences between the bacteriolytic and hemolytic activities of the 

vehicles and lipoplexes may support this notion. The addition of plasmid DNA neutralized 
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the positive charge and the antimicrobial properties of the lipoplexes. Thus, both the surface 

charge and the composition of interacting lipids is important for the activity of polyprenyl-

based vectors and lipoplexes. Anionic formulations were shown to be useful in lipofection of 

cells that are hard to transfect e.g. neurons [57], macrophages [58] and to exhibit high 

efficiency in the presence of serum and antibiotics [49],[57],[59]. Advantages of negatively 

charged particles in DNA and drug delivery results in different anionic formulations of 

different design – using anionic lipids [54], anionic polymers [60], anionic lipid bilayers 

coatings [61]. They are also useful in receptor-mediated transfection [62]. 

It was suggested that negatively charged lipoplexes enter the cells via caveolae [63] and a 

temperature-independent mechanism [29], and positively-charged lipoplexes can be the target 

of negatively charged serum components. This may lead to their opsonization and rapid 

clearance by the reticulo-endothelial system [31]. Thus, negatively charged lipoplexes may 

be the best solution for in vitro and in vivo lipofection. A strategy based on anionic 

complexes was also used for DNA delivery to protect the cargo from deactivation by 

polyanions present in tumor ascitic fluid, such as hyaluronic acid (HA) [64]. Amphoteric 

liposomes (cationic at low pH and anionic at neutral pH) ensure DNA complexation but 

avoid blood interactions, thus facilitating well-tolerated targeted systemic oligonucleotide 

delivery to the sites of inflammation [65]. Efficiency of polyprenyl-based lipoplexes as 

delivery vectors in vitro also makes them potentially effective vectors for in vivo applications. 

Although not cytotoxic, polyprenyl-based lipoplexes, when applied at higher lipid 

concentrations, exerted an inhibitory effect on DU145 proliferation and morphology. 

Nevertheless, this unfavourable effect was lower (for PTAI-7+DOPE lipoplexes) than for 

commercially available Lipofectamine 2000 and could easily be eliminated by lowering their 

concentration without affecting the efficiency. This cytostatic effect may, however, be the 

result of GFP expression, since an empty pcDNA3 plasmid did not exert this effect on 
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DU145. Moreover, PTAI-based lipoplexes had no effect on cell motility, GJIC (Fig. 6) and 

did not disrupt human RBC membranes (Tab. 1) which is considered as highly beneficial for 

in vivo use. While the lack of cytotoxicity on eukaryotic cells is required to find an ideal 

DNA vector, its opposite impact on bacteria may be beneficial. Polyprenyl-based vectors 

meet both of these criteria. All the vector formulations PTAI-7, -8, -11 or -15 + DOPE have 

antibacterial activity at concentrations not affecting DU145 cell survival. We have also 

shown that PTAI-7, -8 or -11+DOPE vectors are not only stable and effective, but also 

maintain their antimicrobial properties (PTAI-7+DOPE) up to 17 months after preparing a 

ready-to-use reagent. This provides an excellent basis for safe and easy storage. 

 

Conclusions 

Although it is generally considered that lipoplexes bearing positive zeta potential are more 

efficient as lipofectants, our data indicate that this is not always the case. In our experiments, 

the positive charge is unnecessary for interaction of lipoplexes with the membranes of 

eukaryotic cells. We demonstrate that the negatively charged polyprenyl-based lipoplexes are 

efficient plasmid DNA delivery vectors. Moreover, they exhibit many advantages such as 

effective transfection without cytotoxicity and impact on eukaryotic cell proliferation, 

motility and GJIC as well as antimicrobial properties and no hemolytic activity against 

human RBCs. Taken together, the PTAI-based lipoplexes are good candidates for delivery of 

genetic material to eukaryotic cells.  

 

Acknowledgments 

This work was supported by the Polish National Cohesion Strategy Innovative Economy 

Grant UDA-POIG 01.03.01-14-036/09 „Application of polyisoprenoid derivatives as drug 

carriers and metabolism regulators” co-financed by the European Union within the European 



22 

 
This article is protected by copyright. All rights reserved. 

Regional Development Fund. Faculty of Biochemistry, Biophysics and Biotechnology of 

Jagiellonian University is a partner of the Leading National Research Center (KNOW) 

supported by the Ministry of Science and Higher Education. The authors thank Dr Magdalena 

Wytrwał for help with handling the Malvern Nano ZS light-scattering apparatus. 

 

Conflicts of Interest Statement 

The authors have no competing financial interests to declare. 

 

References 

1.  Flotte TR. Gene therapy: the first two decades and the current state-of-the-art. J Cell 

Physiol. 2007;213(2):301-305. doi:10.1002/jcp.21173. 

2.  Vannucci L, Lai M, Chiuppesi F, Ceccherini-Nelli L, Pistello M. Viral vectors: a look 

back and ahead on gene transfer technology. New Microbiol. 2013;36(1):1-22.  

3.  Wang W, Li W, Ma N, Steinhoff G. Non-viral gene delivery methods. Curr Pharm 

Biotechnol. 2013;14(1):46-60.  

4.  Smisterová J, Wagenaar A, Stuart MC, et al. Molecular shape of the cationic lipid 

controls the structure of cationic lipid/dioleylphosphatidylethanolamine-DNA 

complexes and the efficiency of gene delivery. J Biol Chem. 2001;276(50):47615-

47622. doi:10.1074/jbc.M106199200. 

5.  Zuhorn IS, Oberle V, Visser WH, et al. Phase behavior of cationic amphiphiles and 

their mixtures with helper lipid influences lipoplex shape, DNA translocation, and 

transfection efficiency. Biophys J. 2002;83(4):2096-2108. doi:10.1016/S0006-

3495(02)73970-2. 

6.  Du Z, Munye MM, Tagalakis AD, Manunta MDI, Hart SL. The role of the helper lipid 

on the DNA transfection efficiency of lipopolyplex formulations. Sci Rep. 



23 

 
This article is protected by copyright. All rights reserved. 

2014;4:7107. doi:10.1038/srep07107. 

7.  Koynova R, Tenchov B. Recent patents in cationic lipid carriers for delivery of nucleic 

acids. Recent Pat DNA Gene Seq. 2011;5(1):8-27.  

8.  Bally M, Harvie P, Wong F, Kong S, Wasan E, Reimer D. Biological barriers to 

cellular delivery of lipid-based DNA carriers. Adv Drug Deliv Rev. 1999;38(3):291-

315.  

9.  Medina-Kauwe LK, Xie J, Hamm-Alvarez S. Intracellular trafficking of nonviral 

vectors. Gene Ther. 2005;12(24):1734-1751. doi:10.1038/sj.gt.3302592. 

10.  Pozzi D, Marchini C, Cardarelli F, et al. Mechanistic evaluation of the transfection 

barriers involved in lipid-mediated gene delivery: interplay between nanostructure and 

composition. Biochim Biophys Acta. 2014;1838(3):957-967. 

doi:10.1016/j.bbamem.2013.11.014. 

11.  Hattori Y, Suzuki S, Kawakami S, Yamashita F, Hashida M. The role of 

dioleoylphosphatidylethanolamine (DOPE) in targeted gene delivery with 

mannosylated cationic liposomes via intravenous route. J Control Release. 

2005;108(2-3):484-495. doi:10.1016/j.jconrel.2005.08.012. 

12.  Ma B, Zhang S, Jiang H, Zhao B, Lv H. Lipoplex morphologies and their influences 

on transfection efficiency in gene delivery. J Control Release. 2007;123(3):184-194. 

doi:10.1016/j.jconrel.2007.08.022. 

13.  Parvizi P, Jubeli E, Raju L, et al. Aspects of nonviral gene therapy: correlation of 

molecular parameters with lipoplex structure and transfection efficacy in pyridinium-

based cationic lipids. Int J Pharm. 2014;461(1-2):145-156. 

doi:10.1016/j.ijpharm.2013.11.045. 

14.  Zhang S, Xu Y, Wang B, Qiao W, Liu D, Li Z. Cationic compounds used in lipoplexes 

and polyplexes for gene delivery. J Control Release. 2004;100(2):165-180. 



24 

 
This article is protected by copyright. All rights reserved. 

doi:10.1016/j.jconrel.2004.08.019. 

15.  Zhi D, Zhang S, Cui S, Zhao Y, Wang Y, Zhao D. The headgroup evolution of cationic 

lipids for gene delivery. Bioconjug Chem. 2013;24(4):487-519. 

doi:10.1021/bc300381s. 

16.  Zuhorn IS, Engberts JBFN, Hoekstra D. Gene delivery by cationic lipid vectors: 

overcoming cellular barriers. Eur Biophys J. 2007;36(4-5):349-362. 

doi:10.1007/s00249-006-0092-4. 

17.  Chojnacki T, Dallner G. The biological role of dolichol. Biochem J. 1988;251(1):1-9.  

18.  Swiezewska E, Danikiewicz W. Polyisoprenoids: Structure, biosynthesis and function. 

Prog Lipid Res. 2005;44(4):235-258. doi:10.1016/j.plipres.2005.05.002. 

19.  Madeja Z, Rak M, Wybieralska E, et al. New cationic polyprenyl derivative proposed 

as a lipofecting agent. Acta Biochim Pol. 2007;54(4):873-876. 

20.  Utkina NS, Danilov LL, Sizova OV, Kalinchuk NA, Mal´tsev SD. Synthesis of 

quaternary ammonium salts containing a polyprenyl substituent. Russ Chem Bull Int 

Ed. 2010;59(7):1459-1462. 

21.  Zaporowska-Siwiak E, Michalik M, Kajstura J, Korohoda W. Density-dependent 

survival of Ehrlich ascites tumour cells in the presence of various substrates for energy 

metabolism. J Cell Sci. 1985;77:75-85.  

22.  Miękus K, Madeja Z. Genistein inhibits the contact-stimulated migration of prostate 

cancer cells. Cell Mol Biol Lett. 2007;12(3):348-361. doi:10.2478/s11658-007-0007-0. 

23.  Madeja Z, Szymkiewicz I, Zaczek A, Sroka J, Miekus K, Korohoda W. Contact-

activated migration of melanoma B16 and sarcoma XC cells. Biochem Cell Biol. 

2001;79(4):425-440.  

24.  Czyz J, Irmer U, Schulz G, Mindermann  a, Hülser DF. Gap-junctional coupling 

measured by flow cytometry. Exp Cell Res. 2000;255(1):40-46. 



25 

 
This article is protected by copyright. All rights reserved. 

doi:10.1006/excr.1999.4760. 

25.  Stebelska K, Wyrozumska P, Gubernator J, Sikorski AF. Higly fusogenic cationic 

liposomes transiently permeabilize the plasma membrane of HeLa cells. Cell Mol Biol 

Lett. 2007;12(1):39-50. doi:10.2478/s11658-006-0049-8. 

26.  Rejman J, Oberle V, Zuhorn IS, Hoekstra D. Size-dependent internalization of 

particles via the pathways of clathrin- and caveolae-mediated endocytosis. Biochem J. 

2004;377(Pt 1):159-169. doi:10.1042/BJ20031253. 

27.  Rao NM, Gopal V. Cell biological and biophysical aspects of lipid-mediated gene 

delivery. Biosci Rep. 2006;26(4):301-324. doi:10.1007/s10540-006-9026-8. 

28.  Rao NM. Cationic lipid-mediated nucleic acid delivery: beyond being cationic. Chem 

Phys Lipids. 2010;163(3):245-252. doi:10.1016/j.chemphyslip.2010.01.001. 

29.  Resina S, Prevot P, Thierry AR. Physico-chemical characteristics of lipoplexes 

influence cell uptake mechanisms and transfection efficacy. PLoS One. 

2009;4(6):e6058. doi:10.1371/journal.pone.0006058. 

30.  Lee RJ, Huang L. Folate-targeted, anionic liposome-entrapped polylysine-condensed 

DNA for tumor cell-specific gene transfer. J Biol Chem. 1996;271(14):8481-8487. 

doi:10.1074/jbc.271.14.8481. 

31.  Tavitian B, Marzabal S, Boutet V, et al. Characterization of a synthetic anionic vector 

for oligonucleotide delivery using in vivo whole body dynamic imaging. Pharm Res. 

2002;19(4):367-376.  

32.  Son KK, Tkach D, Patel DH. Zeta potential of transfection complexes formed in 

serum-free medium can predict in vitro gene transfer efficiency of transfection reagent. 

Biochim Biophys Acta - Biomembr. 2000;1468(1):11-14. doi:10.1016/S0005-

2736(00)00312-6. 

33.  Wang B, Zhou J, Cui S, et al. Cationic liposomes as carriers for gene delivery: 



26 

 
This article is protected by copyright. All rights reserved. 

Physico-chemical characterization and mechanism of cell transfection. African J 

Biotechnol. 2012;11(11):2763-2773. doi:10.5897/AJB11.3019. 

34.  Liu HS, Jan MS, Chou CK, Chen PH, Ke NJ. Is green fluorescent protein toxic to the 

living cells? Biochem Biophys Res Commun. 1999;260(3):712-717. 

doi:10.1006/bbrc.1999.0954. 

35.  Fein DE, Bucki R, Byfield F, Leszczynska K, Janmey PA, Diamond SL. Novel 

cationic lipids with enhanced gene delivery and antimicrobial activity. Mol Pharmacol. 

2010;78(3):402-410. doi:10.1124/mol.110.066670. 

36.  Wydro P, Witkowska K. The interactions between phosphatidylglycerol and 

phosphatidylethanolamines in model bacterial membranes: the effect of the acyl chain 

length and saturation. Colloids Surf B Biointerfaces. 2009;72(1):32-39. 

doi:10.1016/j.colsurfb.2009.03.011. 

37.  Wei G, Liu X, Yuan L, Ju X-J, Chu L-Y, Yang L. Lipid composition influences the 

membrane-disrupting activity of antimicrobial methacrylate co-polymers. J Biomater 

Sci Polym Ed. 2011;22(15):2041-2061. doi:10.1163/092050610X530982. 

38.  Valtersson C, van Duÿn G, Verkleij  a J, Chojnacki T, de Kruijff B, Dallner G. The 

influence of dolichol, dolichol esters, and dolichyl phosphate on phospholipid 

polymorphism and fluidity in model membranes. J Biol Chem. 1985;260(5):2742-

2751. 

39.  Felgner PL, Gadek TR, Holm M, et al. Lipofection : A highly efficient , lipid-

mediated DNA-transfection procedure. 1987;84(November):7413-7417. 

40.  Murgolo NJ, Patel A, Stivala SS, Wong TK. The conformation of dolichol. 

Biochemistry. 1989;28(1):253-260. 

41.  Zhou G-P, Troy FA. NMR studies on how the binding complex of polyisoprenol 

recognition sequence peptides and polyisoprenols can modulate membrane structure. 



27 

 
This article is protected by copyright. All rights reserved. 

Curr Protein Pept Sci. 2005;6(5):399-411. 

42.  Zhou G-P, Troy FA. Characterization by NMR and molecular modeling of the binding 

of polyisoprenols and polyisoprenyl recognition sequence peptides: 3D structure of the 

complexes reveals sites of specific interactions. Glycobiology. 2003;13(2):51-71. 

doi:10.1093/glycob/cwg008. 

43.  Kern NR, Lee HS, Wu EL, et al. Lipid-Linked Oligosaccharides in Membranes 

Sample Conformations That Facilitate Binding to Oligosaccharyltransferase. Biophys 

J. 2014;107(8):1885-1895. doi:10.1016/j.bpj.2014.09.007. 

44.  Koynova R, Tenchov B. Cationic lipids: molecular structure/ transfection activity 

relationships and interactions with biomembranes. Top Curr Chem. 2010;296:51-93. 

45.  Lee LK, Siapati EK, Jenkins RG, McAnulty RJ, Hart SL, Shamlou PA. Biophysical 

characterization of an integrin-targeted non-viral vector. Med Sci Monit. 

2003;9(1):BR54-BR61.  

46.  Rehman ZU, Zuhorn IS, Hoekstra D. How cationic lipids transfer nucleic acids into 

cells and across cellular membranes: recent advances. J Control Release. 

2013;166(1):46-56. doi:10.1016/j.jconrel.2012.12.014. 

47.  Buñuales M, Düzgüneş N, Zalba S, Garrido MJ, de Ilarduya CT. Efficient gene 

delivery by EGF-lipoplexes in vitro and in vivo. Nanomedicine (Lond). 2011;6(1):89-

98. doi:10.2217/nnm.10.100. 

48.  Son KK, Tkach D, Patel DH. Zeta potential of transfection complexes formed in 

serum-free medium can predict in vitro gene transfer efficiency of transfection reagent. 

Biochim Biophys Acta. 2000;1468(1-2):11-14.  

49.  Kapoor M, Burgess DJ. Efficient and safe delivery of siRNA using anionic lipids: 

Formulation optimization studies. Int J Pharm. 2012;432(1-2):80-90. 

doi:10.1016/j.ijpharm.2012.04.058. 



28 

 
This article is protected by copyright. All rights reserved. 

50.  Patil SD, Rhodes DG, Burgess DJ. Anionic liposomal delivery system for DNA 

transfection. AAPS J. 2004;6(4):13-22. doi:10.1208/aapsj060429. 

51.  Srinivasan C, Burgess DJ. Optimization and characterization of anionic lipoplexes for 

gene delivery. J Control Release. 2009;136(1):62-70. 

doi:10.1016/j.jconrel.2009.01.022. 

52.  Balazs DA, Godbey W, Balazs DA, Godbey W. Liposomes for Use in Gene Delivery. 

J Drug Deliv. 2011;2011:1-12. doi:10.1155/2011/326497. 

53.  Kapoor M, Burgess DJ. Cellular uptake mechanisms of novel anionic siRNA 

lipoplexes. Pharm Res. 2013;30(4):1161-1175. doi:10.1007/s11095-012-0952-9. 

54.  Lavigne C, Slater K, Gajanayaka N, et al. Influence of lipoplex surface charge on 

siRNA delivery: application to the in vitro downregulation of CXCR4 HIV-1 co-

receptor. Expert Opin Biol Ther. 2013;13(7):973-985. 

doi:10.1517/14712598.2013.743526. 

55.  Son KK, Tkach D, Hall KJ. Efficient in vivo gene delivery by the negatively charged 

complexes of cationic liposomes and plasmid DNA. Biochim Biophys Acta. 

2000;1468(1-2):6-10.  

56.  Morille M, Passirani C, Vonarbourg A, Clavreul A, Benoit J-P. Progress in developing 

cationic vectors for non-viral systemic gene therapy against cancer. Biomaterials. 

2008;29(24-25):3477-3496. doi:10.1016/j.biomaterials.2008.04.036. 

57.  Thakor DK, Teng YD, Tabata Y. Neuronal gene delivery by negatively charged 

pullulan-spermine/DNA anioplexes. Biomaterials. 2009;30(9):1815-1826. 

doi:10.1016/j.biomaterials.2008.12.032. 

58.  Kelly C, Jefferies C, Cryan S-A. Targeted liposomal drug delivery to monocytes and 

macrophages. J Drug Deliv. 2011;2011:727241. doi:10.1155/2011/727241. 

59.  Simões S, Slepushkin V, Pires P, Gaspar R, Pedroso de Lima MC, Düzgüneş N. 



29 

 
This article is protected by copyright. All rights reserved. 

Human serum albumin enhances DNA transfection by lipoplexes and confers 

resistance to inhibition by serum. Biochim Biophys Acta. 2000;1463(2):459-469. 

60.  Hattori Y, Yamasaku H, Maitani Y. Anionic polymer-coated lipoplex for safe gene 

delivery into tumor by systemic injection. J Drug Target. 2013;21(7):639-647. 

doi:10.3109/1061186X.2013.789035. 

61.  Zeng X, Marit De Groot A, Sijts AJAM, et al. Surface coating of siRNA–

peptidomimetic nano-self-assemblies with anionic lipid bilayers: enhanced gene 

silencing and reduced adverse effects in vitro. Nanoscale. 2015;7. 

doi:10.1039/c5nr04807a. 

62.  Tagalakis AD, Kenny GD, Bienemann AS, et al. PEGylation improves the receptor-

mediated transfection efficiency of peptide-targeted, self-assembling, anionic 

nanocomplexes. J Control Release. 2014;174:177-187. 

doi:10.1016/j.jconrel.2013.11.014. 

63.  Billiet L, Gomez J-P, Berchel M, et al. Gene transfer by chemical vectors, and 

endocytosis routes of polyplexes, lipoplexes and lipopolyplexes in a myoblast cell line. 

Biomaterials. 2012;33(10):2980-2990. doi:10.1016/j.biomaterials.2011.12.027. 

64.  Mastrobattista E, Kapel RH, Eggenhuisen MH, et al. Lipid-coated polyplexes for 

targeted gene delivery to ovarian carcinoma cells. Cancer Gene Ther. 2001;8(6):405-

413. doi:10.1038/sj.cgt.7700311. 

65.  Andreakos E, Rauchhaus U, Stavropoulos A, et al. Amphoteric liposomes enable 

systemic antigen-presenting cell-directed delivery of CD40 antisense and are 

therapeutically effective in experimental arthritis. Arthritis Rheum. 2009;60(4):994-

1005. doi:10.1002/art.24434. 

 

 



30 

 
This article is protected by copyright. All rights reserved. 

TABLES 

 

Table 1. No hemolytic activity of PTAI-based lipoplexes against human RBCs. Each 

value represents the mean ± S.D. (n = 3), n.a. – not applicable. 

 

 PTAI-7 PTAI-8 PTAI-11 PTAI-15 Lipof. 2000 

PTAI µg % µg % µg % µg % µl % 

 

 

PTAI 

 

2.5 

3.0 

4.0 

5.0 

 

22.2 ± 0.9 

23.2 ± 0.6 

32.7 ± 0.7 

40.9 ± 1.6 

 

3.0 

3.5 

4.5 

 

30.9 ± 0.5 

37.0 ± 0.7 

42.4 ± 1.1 

 

4.0 

6.0 

7.5 

 

10.1 ± 0.5 

17.1 ± 0.2 

40.1 ± 1.8 

 

5.0 

8.5 

10.0 

12.5 

 

  7.9 ± 0.2 

14.3 ± 0.8 

20.5 ± 0.6 

25.5 ± 0.2 

 

n.a. 

 

n.a. 

 

 

PTAI+ 

DOPE 

 

2.5 

3.0 

4.0 

5.0 

 

10.5 ± 0.3 

16.4 ± 0.7 

19.4 ± 0.6 

44.2 ± 1.4 

 

3.0 

3.5 

4.5 

 

23.2 ± 0.7 

31.4 ± 1.8 

42.7 ± 0.6 

 

4.0 

6.0 

7.5 

 

4.1 ± 0.3 

5.2 ± 0.4 

6.8 ± 0.2 

 

5.0 

8.5 

10.0 

12.5 

 

1.3 ± 0.1 

1.7 ± 0.1 

1.6 ± 0.1 

1.9 ± 0.2 

 

1.0 

1.5 

3.0 

5.0 

 

3.6 ± 0.1 

3.6 ± 0.1 

6.9 ± 0.9 

8.2 ± 0.7 
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FIGURES 

 

 

 

Figure 1. Structure of trimethylpolyprenylammonium iodides (PTAI), n=7/8/11/15 used in 

the study. 
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Figure 2. Efficient DNA transfer into DU145 cells. A - Intranuclear localization of Cy-3-

labeled pDNA (red) delivered with PTAI-7+DOPE 4 hours after transfection. Hoechst 33342-

labeled nuclei - blue. Results illustrated in XY, XZ, and YZ projections of cells. Arrows 

indicate lipoplexes shown in XY (white), XZ and YZ (grey) projections. PTAI-7:DOPE 

molar ratio – 1.5:1, 2 µg Cy-3-labeled pDNA/well (24-well plate), 3 µg of PTAI-

7+DOPE/well, charge ratio 1:2.3. B - DU145 cells efficiently transfected with PTAI-

7+DOPE (1.5:1 M/M, 3 µg/well, charge ratio 1:2.3), PTAI-8+DOPE (1.5:1 M/M, 4.5 

µg/well, charge ratio 1:1.6), PTAI-11+DOPE (1:1 M/M, 7.5 µg/well, charge ratio 1:1.3), 

PTAI-15+DOPE (1:1 M/M, 8.5 µg/well, charge ratio 1:1.4), 2 µg of pEGFP-C1 plasmid/well. 

Phase contrast (phase) and epifluorescence microscopy with FITC filter (GFP) images. 
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Figure 3. Optimization of PTAI-based lipofection with pEGFP-C1 plasmid into DU145 cells 

and DNA complexing ability of PTAI. A – efficiency of transfection for different PTAI-

7:DOPE molar ratio; 0.25µg pEGFP-C1/well (24-well plate), 1µg PTAI-7+DOPE/well, B - 

efficiency of transfection for different PTAI-7+DOPE concentration; PTAI-7:DOPE molar 

ratio – 1.5:1, 1.5µg pEGFP-C1/well, C – efficiency of transfection for different DNA 

concentration; 3µg PTAI-7+DOPE/well, PTAI-7:DOPE molar ratio – 1.5:1, control – 

Lipofectamine 2000 (1µl+2µg pEFP-C1), D – optimal transfection conditions for 

PTAI+DOPE. E - Gel electrophoresis of PTAI-7+DOPE+pEGFP-C1 lipoplexes (PTAI-

7+DOPE [µg] / 2 µg of pEGFP-C1), PTAI-11+DOPE+pEGFP-C1 (PTAI-11+DOPE [µg] / 2 

µg of pDNA) and Lipofectamine 2000+pEGFP-C1 lipoplexes (Lipofectamine 2000 [µl] / 2 

µg pDNA). Charge ratio (PTAI
+
:DNA

-
) shown above the bars (A, B, C) and below the photo 

(E). Each value represents the mean ± S.D. (n = 3-7). 
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Figure 4. Size and zeta potential of vehicles and lipoplexes. Measurements show the medium 

size (A) and negative charge (B) of lipoplexes. PDI - polydispersity index. Vehicle and 

lipoplex characterization shown in fig. 3D. Each value represents the mean ± S.D. (n = 5 [A], 

n = 16 [B]). 
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Figure 5. PTAI cytotoxicity and its effects on DU145 cell proliferation and morphology. 

FDA and EtBr assays revealed no cytotoxicity on DU145 cells (A) and cell counting showed 

a negative impact on cell proliferation (C) and morphology (D) that was eliminated by 

lowering the concentration of lipoplexes (C – arrows indicate optimal concentrations of 

PTAI-based lipoplexes not affecting cell proliferation). Transfection with non-coding 

pcDNA3 plasmid showed that EGFP expression could be partially the reason of the effect on 

proliferation (C). A, B - PTAI-7+DOPE (1.5:1 M/M, 3 µg of lipids/well [24-well plate], 

charge ratio 1:2.3), PTAI-8+DOPE (1.5:1 M/M, 4.5 µg of lipids/well, charge ratio 1:1.6), 

PTAI-11+DOPE (1:1 M/M, 7.5 µg of lipids/well, charge ratio 1:1.3), PTAI-15+DOPE (1:1 

M/M, 8.5 µg of lipids/well, charge ratio 1:1.4), Lipofectamine 2000 (1µl), 2 µg pEGFP-

C1/well. C – X-axis – amount of lipids in µg. Decreasing the Lipofectamine 2000+pEGFP-

C1 lipoplex amount to 0.75µl/well resulted in a significant loss of transfection efficiency, 

thus the concentration of Lipofectamine 2000 was increased in the step of lipoplex 

preparation (1.5µl/2µg pEGFP-C1) and lowered when adding to cells resulting in non-

cytostatic, efficient lipofection. Each value represents the mean ± S.D. (n = 3). 
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Figure 6. Effects of PTAI on DU145 cell migration and GJIC. Time-lapse monitoring of 

movement of individual cells 24 h after transfection with pEGFP-C1 plasmid showed no 

effects of PTAI-based lipofection on DU145 cell migration. Trajectories of cells presented in 

the form of a circular diagram drawn with the initial point of each trajectory placed at the 

origin of the plot. V - the speed of cell movement (μm/h). GJIC assay results 24 hours after 

transfection with PTAI-based lipoplexes with pcDNA3 plasmid revealed no impact on GJIC. 

Calcein transfer – green, donor cells – red. PTAI-7+DOPE – 2.5 µg/well (24-well plate), 

charge ratio 1:2.3, PTAI-8+DOPE – 3 µg/well, charge ratio 1:1.6, PTAI-11+DOPE – 4 

µg/well, charge ratio 1:1.3, PTAI-15+DOPE – 5 µg/well, charge ratio 1:1.4, pcDNA3 

plasmid used in all experiments. A - Each value represents the mean ± SEM (n = 50). The 

statistical significance between samples was determined by the Student's t-test (p<0.01). B - 

Each value represents the mean ± S.D. (n = 35). The statistical significance was determined 

by the Dunnett’s test (p<0.05). No statistically significant differences were found. 
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Figure 7. Antimicrobial activity of PTAI. PTAI and PTAI+DOPE showed antimicrobial 

activity against E. coli and S. aureus (A, B). Plasmid DNA addition neutralizes antimicrobial 

properties (B). Lipoplex concentrations represented as the amount of PTAI-7+DOPE – 2.5 

µg/well (24-well plate), PTAI-8+DOPE – 3 µg/well, PTAI-11+DOPE – 4 µg/well, PTAI-

15+DOPE – 5 µg/well. Each value represents the mean ± SEM (n=12). The statistical 

significance versus control was determined by Kruskal-Wallis test (p<0.05), * - p < 0.05, ** 

< 0.01, *** < 0.001. 


