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ABSTRACT: The success of gene therapy depends on the choice of a suitable vector that is biocompatible and efficient in 
delivering therapeutic DNA into disease cells. After more than two decades, such an ideal vector is still a wish. Viral vectors 
though naturally evolved to transfect cells are immunogenic. As alternatives, non-viral vectors such as polyethyleneimine 
have been exploited. We decided to investigate the in-vitro cytotoxicity of branched polyethyleneimine 800D, 25kD and 
linear 20kD on HeLa and Vero cells. At exponential phase, cells were exposed to polymers at concentration range of 0.5 to 
1000mg/ml. Cells were MTT assayed after 24, 48 and 72hours for viability (IC50). Linear PEI was less toxic than the branched 
PEI in both cells. The IC50 (mg/ml) values (Mean±SEM, n=6) post 72hours of PEI800D, 25kD and PEI20kD on HeLa cells were 
2.42±0.22, 2.92±0.59, and 3.03±0.11 and for Vero cells, 7.42±0.29, 7.26±0.12, and 6.89±0.53 respectively. Two tailed t-test 
(P<0.05) of each polymer on both cells 72hours post dosing gave a significant P value of <0.0001. The results indicate that 
branched PEI800D, PEI25kD and linear PEI20kD are differently apoptotic to HeLa and Vero cells. The toxicity also time, cell 
line and concentration dependent. More research aimed at improving biocompatibility and transfection efficiency is needed. 
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1 INTRODUCTION 

The success of gene therapy depends on the choice of a suitable vector and there is no perfect vector. There are basically 
two privileged groups of vector commonly used in gene therapy clinical trials: viral and non-viral vectors [1]. Viral vectors 
have evolved over millions of years the capability to naturally infect all kinds of cells [3]. Despite the successes of viral vectors 
as seen recently with Glybera in 2012, there still exist limitations to the use of viral vectors in gene therapy. These include 
immunogenicity, insertional mutagenesis, safety profile of the vector in humans, difficult to produce viral titres, oncogenicity, 
and fear of germline line alteration which could be inheritable, low insert size and high cost [1], [2], [3], [4]. These ethical and 
safety concerns have led some investigators to consider non-viral vectors as alternative nano-delivery system. 

1.1 NON-VIRAL VECTORS 

Commonly used non-viral vectors are cationic lipids and polymers. Their use is based on their ability to interact with 
negatively charged DNA through electrostatic interaction. This leads to the formation of lipoplexes and polyplexes, 
respectively with a net positive charge which allows them to interact with the negative charge on the target membranes [1], 
[4]. They have outstanding ability to condense plasmid DNA and interact with cells [5]. Unlike their viral counterparts, they 
are easier to produce on a large scale, lower immunogenicity, larger insert up to 52 kilobases, possibility of selected 
modification to enhance vector carrying capacity, reduce toxicity, less ethical issues and acceptable cost[1], [4], [6]. Other 
classes include inorganic particles such as calcium phosphate, silica, gold particles and also physical methods such as 
electropororation and magnetofection [7]. 
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1.2 POLYETHYLENEIMINE 

 First introduced in 1995, polyethyleneimine (PEI) is a versatile non-viral vehicle that is widely studied [6]. It has a privilege 
place in gene therapy when compared to other polymers due to its potential for endosomal escape by proton sponge effect 
and higher transfection efficiency in a broad range of cell types [8]. PEI is a polymer of ethylene imine monomers that exists 
in mainly two forms: linear and branched molecule [6]. It can be synthesized in different lengths and also undergo functional 
group addition or substitution. Its polycationic nature enables it to complex DNA and form polyplexes at the appropriate 
nitrogen to phosphate ratios [6], [8]. However, it is also toxic like other cationic polymers. Its condensation with plasmid DNA 
or RNA is also believed to be majorly by electrostatic interaction between the negative phosphates on nucleic acids and 
positive groups of the amines [4], [6], [8].  

Many factors have been shown to affect their degree of transfection and toxicity and they include degree of branching, 
molecular weight, ionic strength, zeta potential, concentration used and particle size [9], [10], [11]. Low molecular weight 
and moderately branched PEI has been shown by studies to be less toxic to cells and also have good transfection [12], [13]. 
Two types of toxicities have been reported in the use of PEI-mediated transfection: immediate toxicity associated with free 
PEI and delayed cytotoxicity associated with the PEI/DNA complexes [14]. Generally, it is assumed that the backbone linkages 
(carbon-carbon or carbon-amide bonds) are non-degradable at physiological pH and are resistant to systemic clearance, and 
accumulate in cells leading to further toxicity [15]. PEI has shown relatively low cytotoxicity when complexed with DNA and 
also higher transfection efficiencies significantly better than those observed with PLL and naked DNA [13]. 

The aim of this study was to establish the in-vitro cytotoxicity of branched polyethyleneimine (Br-PEI) molecular weight 
800D and 25kD and linear polyethyleneimine (L-PEI) molecular weight 20kD on HeLa and Vero cells using poly L-lysine (PLL) 
and dextran as positive and negative controls respectively. 

2 MATERIAL AND METHODS 

2.1 MATERIALS 

Multiskan EK plate reader and HERA cell 150i CO2 incubator were supplied by Thermo Scientific Loughborough UK. Class II 
microbiological safety cabinet supplied by Envair, Lancashire UK. Sterile and non-pyrogenic tissue culture multi-well plates 
and 75cm2 culture flasks obtained from Corning Incorporated, New York USA. Minimum Essential Media Eagle (MEM) and 
Dulbecco Modified eagle Medium (DMEM) were purchased from Life technologies Paisley, UK. Both media were 
supplemented by adding 10% Fetal Bovine Serum (FBS) and 1% penicillin streptomycin and glutamine (P/S/G). The HeLa (NR1 
CRL-13011™) and Vero (CCL-81™) cells were obtained from ATCC, Middlesex, UK. Thiazoyl blue tetrazolium with 98.5% 
bromide with CAS 298-93-1 were supplied by Sigma Aldrich USA. Dimethyl sulfoxide with CAS 6768-5 was supplied by Fisher 
Scientific Loughborough UK. PEI branched MW 25,000 with CAS 9002-98-6, PEI branched MW 800 with CAS 25987-06-8 and 
PEI linear MW 20,000 with CAS 764965-1G, Dextran molecular weight 35,000-45,000 with CAS 9004-54-0, and PLL MW > 
30,000 with CAS 26124-78-7 were equally obtained from Sigma Aldrich, St. Louis USA. Industrial Methylated Spirit was 
obtained from Fisher Scientific, Loughborough, UK. 

2.2 CELL CULTURE AND SEEDING OF PLATES 

The HeLa and Vero cells were cultured using corning culture flasks with vented caps. The HeLa cells were grown on MEM 
and the Vero cells on DMEM both supplemented with 10%FBS and 1% penicillin, streptomycin and glutamine. The culturing 
and seeding were aseptically done in a class II safety cabinet. The flasks were kept at 37oC in 5% CO2 and the cells passaged 
every 2 to 3 days in order to keep the cells alive.  

2.3 DOSING OF CELLS 

Following the seeding of the well plates with both HeLa and Vero cell at density of 1x10
4
, the plates were incubated at 

37oC in 5% CO2 overnight. Serial dilutions of concentrations 1mg/ml, 0.5mg/ml, 0.1mg/ml, 0.05mg/ml, 0.01mg/ml, 
0.005mg/ml, 0.001mg/ml, and 0.0005mg/ml were prepared with Br-PEI 800D, Br-25kD and L-PEI20kD, PLL and dextran 
respectively. The cell lines were then incubated with these dilutions for 24, 48 and 72hours for branched PEI 25kDa and 
dextran. While with Br-PEI800, L-PEI 20kDa and PLL, the cells were incubated for 24 and 48hours. Post 24, 48 and 72hours of 
dosing, MTT assay as briefly described below was then carried out. 
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2.4 MTT ASSAY 

The MTT toxicity assay was then carried out on both HeLa and Vero cells after 24hours for testing the toxicity of PLL, 
dextran and the PEI both linear and branched. The first and last wells on each labelled columns and rows were left out since 
they are labile to evaporation. To each of the remaining 6 wells, 10 l of MTT was added and the mixture mixed by gently 
tapping. This was repeated to each of the culture well plates. The plates were then incubated at 37oC and 5% CO2 for 4 hours. 
After incubation, the MTT and the media were aspirated out completely, and 100 l of DSMO was added to the same wells to 
ensure the dissolution of the formed insoluble formazan crystals, and incubated for 30 minutes. After incubation, absorbance 
(OD540) were taken and recorded.  

2.5 STATISTICAL ANALYSIS 

All readings for the toxicity were converted to cell viability and expressed as a percentage using an excel template. The 
cell viability graphs and analysis of IC50 values were done using Graphpad Prism6.0. 

3 RESULTS  

The toxicity recorded for both cells were plotted and analysed as shown in figures 1 -4 and tables 1-3. As shown in the 
graphs, our positive control dextran did not result in any significant toxicity to our cell lines. However, abnormal spikes were 
seen in figures 2, 4 and 5 for positive control dextran, and also in figures 1, 4 and 5 for the test polymers. We included them 
in our graphs because F-test did not result in any significance. The error bars in the graphs correspond to Mean±SEM. 
Generally, concentrations ≥ 2mg/ml of both negative control and our study test polymers were toxic to the cells. 

 

 

Fig. 1. HeLa cell viability after 72hours with Br- PEI 800D, dextran and PLL 

 

Fig. 2. Vero cell viability after 72 hours with Br- PEI 800D, dextran and PLL 
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Fig. 3. HeLa cell viability after 72 hours with Br- PEI 25kD, dextran and PLL 

 

Fig. 4. HeLa cell viability after 72 hours with L-PEI 20kD, dextran and PLL 

 

Fig. 5. Vero cell viability after 72 hours with Br- PEI 25kD, dextran and PLL 
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Fig. 6. Vero cell viability after 72 hours with L-PEI 20kDa, dextran and PLL 

Table 1. T-test analysis of IC50 values for test and control polymers at various incubation times on HeLa and Vero cells 

Cell line Br-PEI800D L-PEI20kD Br-PEI25kD Dextran PLL 

HeLa 24h *3.957±0.219 29.70±1.910 9.930±0.416 > 1000 29.400±6.981 

HeLa 48h - - 1.993±0.281 > 1000 - 

HeLa 72h 2.422±0.216 3.033±0.110 2.917±0.590 > 1000 8.780±0.206 

Vero 24h 2.762±0.157 66.830±3.707 26.850±9.763 > 1000 29.230±2.116 

Vero 48h - - 7.325±0.2646 > 1000 - 

Vero 72h 7.425±0.290 6.887±0.530 7.258±0.122 > 1000 24.350±0.917 

*Cytotoxicity is expressed as an IC50 ( g/ml) Mean±SEM, n=6. 

Table 2. T- test analysis of test polymers IC50 (μg/ml) at various incubation times on Vero and HeLa cells 

Type of Polymer 
/Incubation time 

Cell type  Difference of  
Mean±SEM  

Significance 
At P<0.05 

R2 P Value 

L-PEI 20KD 
24 Vs 72hours 

Vero -59.950±3.745 Yes 0.962 <0.0001 

L-PEI 20KD 
24 Vs 72 hours 

HeLa -26.670±1.914 Yes 0.951 <0.0001 

Br-PEI 800D 
24 Vs 72hours 

Vero 4.663±0.290 Yes 0.963 <0.0001 

Br-PEI 800D 
24 Vs 72hours 

HeLa -1.535±0.308 Yes 0.977 0.0006 

Br-PEI 25kD 
48 Vs 72hours 

Vero -0.067±0.291 No 0.005 0.8236 

Br-PEI 25KD 
24 Vs 72hours 

Vero 19.590±9.764 No 0.287 0.0735 

Br-PEI 25KD 
24 Vs 48hours 

Vero  19.530±9.767 No 0.286 0.0735 

Br-PEI 25KD 
24 Vs 72hours 

HeLa -7.013±0.719 Yes 0.905 <0.0001 

Br-PEI 25KD 
48 Vs 72hours 

HeLa 0.9242±0.650 No 0.168 0.185 

Br-PEI 25KD 
24 Vs 48hours 

HeLa 7.938±0.5017 Yes 0.967 <0.0001 
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Table 3. T- test analysis of test polymers on Vero and HeLa cells after 72hours of incubation 

Types of 
Polymers 

Cell types 
Incubation 
time(hours) 

R2 
*Diff in 

Mean±SEM 
Significance at 

P<0.05 
P Value 

L-PEI20kD HeLa Vs 
Vero 

72 0.840 -3.853 ±0.539 Yes < 0.0001 

Br-PEI 800D  HeLa Vs 
Vero 

72 0.960 5.003 ± 0.326 Yes < 0.0001 

Br-PEI 25kD  HeLa Vs 
Vero 

72 0.840 -4.342 ± 0.599 Yes < 0.0001 

n=6, degree of freedom = 10. * Represents the resulting IC50 (Difference in Mean±SEM) values in (μg/ml). 

 

Table 1 shows the IC50 values of the polymers for HeLa and Vero cells post 24, 48 and 72hours post dosing for test 
polymers, positive and negative controls. Dextrans gave a high IC50 values as our negative control. All three of our test 
polymers showed toxicity values much lower than that the negative control PLL in both cell lines meaning the test polymers 
were more toxic to than the positive and negative controls at concentrations and dosing duration used for this study. In table 
2, t-test analysis of IC50 values (24 and 72 hours) after dosing for linear PEI, was significant (P<0.0001) with R2 values of 0.962 
and 0.951, respectively for Vero and HeLa cells. In the same vein, the branched PEI800D was also significant (P values = 
<0.0001, 0.0006) and (R2

 values = 0.963, 0.977) for Vero and HeLa cells respectively. On the other hand, our branched 
PEI25kD was not significant (P= 0.0735, R

2
= 0.287) for Vero cell but was significant for HeLa cell (P<0.0001, R

2
=0.905). For 

PEI800 also gave a significant value (P<0.0001, R2= 0.967) for 48 and 72 hours post dosing, while others did not (see table 2).  

A comparison of the IC50 values for both cells using only 72hours post dosing gave an significant value (P<0.0001, R
2
 = 

0.840, 0.960, and 0.840) for our PEI 20kD, 800D and 25kD respectively. This indicates that 72hours post dosing was 
consistently toxic to both cells as opposed to 24 and 48hours.  

4 DISCUSSION 

4.1 IN VITRO CYTOTOXICITY OF BRANCHED AND LINEAR PEI  

Gene therapy it is thought will make the world a better place by helping treat and cure diseases as far as they have a 
molecular basis [16]. It has even been named as medicine of the future [17]. Since the characteristic of the coding and non-
coding sequences of the human genome is different, there is no single effective vector that can be used to deliver all 
therapeutic DNAs into cells and tissues [1].  

Immunological, safety and toxicity concerns limits the use of viral vectors despite their high natural transfection abilities 
in various cells [18], [19], [20], [21]. On this backdrop, safer alternatives have been investigated including PEI, PLL, and poly 
amidoamine and so on [22], [23]. PEI is one of the most promising non-viral vectors that have been widely studied since first 
introduced in 1995 by Boussif [6]. The main challenge still remains its high toxicity to cells [6], [23], [24], [25].  

Branched PEI 25kD has been regarded as the gold standard but its transfection efficiency is marred by high toxicity to 
different cell lines [5], [18], [24], [25]. Linear PEI has been shown to be less toxic to cell but less efficient in delivering DNA to 
cells when compared to their branched counterparts [13], [18]. Studies have confirmed that the high charge density in the 
methylene (-CH2(CH2)N(X)-) backbone of branched PEI is proportional to their toxicity [26], [27]. Studies have also shown that 
PEI25kD branched is more toxic than linear PEI25kD in epidermal cell A431 [18] and this conforms to our values as 
represented in table 2 even though our linear PEI was 20kD and incubation time 72hours, the toxicity was roughly similar. 
PEI800 branched have been shown to cause unacceptable massive necrosis compared to linear 25kD, branched PEI1.8, PEI2 
and PEI11 which showed more acceptable toxicity [28].  

Our study confirms that Br-PEI800D, L-PEI20kD and Br-PEI25kD are indeed apoptotic agents as previously reported [6], 
[29]. The toxicity was however time, dose and cell line dependent. Br-PEI 800D and 25kD gave an IC50 values lower than the 
linear PEI 20kD in our study in both HeLa and Vero cells and this was consistent with that know fact that PEI toxicity depends 
on cell type and degree of branching[13], [18]. Omidi et al 2011 reported IC50 values of 37 g and 74 g for PEI25kD branched 
and linear on A431 cells. These were higher than our findings of post 24, 48 and 72 hours of dosing as shown in table 1. 
Roughly same IC50 values of 10 g have been reported for HeLa and 293T cells by Huang et al, 2010. The difference in toxicity 
seen in both cells in this study is probably due to the difference in physiology of both cells. HeLa cells are derived from 
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human cervical cancer cell and Vero gotten from normal kidney cell of African Green Monkey. The difference in toxicity in 
both cell lines and in different polymers indicates a high significance post 72hours for each polymer for both cells with 
P<0.0001 (table 3)  

The toxicity of L-PEI20kD, Br-PEI 800D and 25kD is also dependent on time. For HeLa cell, all the polymers gave a 
significant increased toxicity post 24 and 72 hours incubation with polymers. On the other hand, Vero cells did show 
increased but insignificant toxicity with PEI25kD, significant increased toxicity with PEI800D and a significant reduced toxicity 
with linear PEI20kD.  

5 CONCLUSION 

The success of gene therapy is highly dependent on the choice of a suitable vector. An ideal vector should have high 
transfection and no toxicity to the target cells. So far these essential requirements have not been meet in both viral and non-
viral vectors studied thus far. There may never be an ideal vector for shuttling all genes by gene therapy given the different 
biological behaviour of viruses and physicochemical properties of non-viral vectors. Our studies have shown that 
polyethyleneimine branched 800D and 25kD, and linear polyethyleneimine 20kD are indeed cytotoxic to HeLa and Vero cell 
lines. This toxicity was seen to be cell type, concentration, polymer and time dependent. Post doing time of 72hours 
appeared to be the most toxic duration with significant difference in both cell lines and all three polymers employed for this 
study. All three polymers appeared to be more toxic to HeLa than Vero cells with time. 

Given the higher cytotoxicity seen in our study for Br-PEI800 and 25KD and the lower toxicity for L-PEI 20kD, their 
transfection efficiencies also needs to be studied properly in not just HeLa and Vero cell but also other clinically important 
cell lines. Studies have shown that polyethyleneimine can be made more biocompatibility with copolymers. Therefore, it is 
equally important to look at the toxicity profiles and transfection efficiencies with such copolymers such as poly ethylene 
glycol, chitosan and dextran.  
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