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ASSEMBLY AND IN VITRO BIOLOGICAL BEHAVIOR OF 

PEI/DNA POLYPLEXES 

Feth Eddine BOUKHEMACHA1, Elena COJOCARU2, Gratiela GRADISTEANU 

PIRCALABIORU3, Horia IOVU2, Jana GHITMAN2* 

Small individual stable aggregates are produced by the condensation of 

Deoxyribonucleic acid (DNA) by Polyethyleneimine (PEI) through electrostatic 

bidding. These polyplexes facilitate the delivery of the genetic material payload into 

cells. We synthesized polyplexes using both forms of PEI; linear and branched at 

different N/P rations. The resultant polyplexes become stable when N/P ≥ 3 and had 

optimal diameter and polydispersity and remained stable for 48h at least. 

Furthermore, we investigated the behavior of these particles on epithelial-like cells 

(NCTC), human dermal fibroblasts (HDF), and HeLa cells. The results of the MTT, 

LDH, and Live/dead assays on the cell lines suggest a high tolerance to the PEI/DNA 

polyplexes reflected by a low toxicity and high proliferation profiles.  

Keywords: Polyethyleneimine, PEI/DNA polyplexes, Self-assembly, Gene 

therapy 

 

1. Introduction 

 

Gene therapy is a promising treatment approach that involves introducing 

genetic material into a patient's cells to correct faulty genes, treat diseases, or 

modify the clinical course of conditions [1, 2]. 
In a general manner, gene delivery systems can be divided into two main 

categories: viral and non-viral. Numerous non-viral gene transfer vectors have been 

investigated and developed in response to limitations associated with viral gene 

delivery systems such as genomic integration, immunogenic responses, and liver 

toxicity [3-5]. One of the most promising and investigated synthetic non-viral 

vectors for both in vitro and in vivo applications is polyethyleneimine (PEI) [6-8]. 

Polyethyleneimine is a cationic polymer that proved to be highly efficient 

in intracellular gene delivery [9, 10]. PEI forms individual stable aggregates 

commonly called polyplexes through the condensation of deoxyribonucleic acid 

(DNA), and this via electrostatic binding between DNA’s anionic phosphate groups 
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and PEI’s cationic amino groups [11, 12]. Moreover, the high-density amine groups 

of the PEI can act as a buffer at various pH values, which gives these vectors the 

ability to escape endosomes and transfer the gene payload to the cytoplasm [13, 

14]. 

PEI comes in two distinguished topologies, linear and branched. While 

linear PEI (L-PEI) contains only secondary amines and one unique primary amine 

end, branched PEI’s (B-PEI) structure is made of primary, secondary, and tertiary 

amines [15]. Both PEI forms were the focus of a myriad of gene delivery and 

transfection studies [16, 17]. 

Regarding the clinical uses of formulations based on PEI, PEI-based 

systems of different molecular weights and structures were assessed for cancer 

treatment [18], immunotherapy where DNA/PEI polyplexes induced immune 

responses against hepatitis B virus [19], HIV [20], and others. Alongside these 

applications, other pathologies were reviewed, like myocardial infarction [21], 

hepatitis [22], and neurological disorders [23]. 

The effectiveness of PEI based polyplex transfection has been found to be 

influenced by a wide range of factors, including complex size, degree of branching, 

N/P ratio, and molecular weight [13]. The molecular weight of PEI was observed 

to be directly proportional to the condensation ability and surface charge of the 

polyplexes and inversely proportional to their size [24]; furthermore, the same study 

showed that, compared to PEI 2k and PEI 5k, PEI 25k produced smaller polyplexes 

and had better transfection efficiencies in both HeLa and MCF7 cells [25]. In 

another paper, the focus was directed to the concentration of PEI and DNA, where 

the study showed that it is possible to regulate the charge and size of gene delivery 

carriers and, possibly even, increase the efficacy of gene transfection by varying 

the concentration of DNA and PEI [26]. In addition, it has been shown that, for a 

given topology, a high molar mass PEI is more efficient in condensing DNA and 

that, for a given molar mass, linear chains are more effective than their branching 

counterparts in neutralizing DNA [11]. 

The main focus of the current study consists in the formulation of 

polyplexes based on two types of PEI and the investigation of hydrodynamic 

characteristics using dynamic light scattering (DLS), their stability and 

morphology, as well as the biological behavior on three different cell lines: 

epithelial-like cells (NCTC), human dermal fibroblasts (HDF), and HeLa cells by 

means of MTT, LDH, and Live/Dead assays.   

 

2. Material 

 

L-PEI, with a molecular weight of Mw = 10000 g/mol and B-PEI with Mw 

= 25000 g/mol, DNA with 2000 bp from salmon testes, and Trizma base with Mw 
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= 121.14 g/mol from Sigma-Aldrich, USA. All chemicals were used without further 

purification, and the experiments were performed using pure water. 

 

3. Methods 

 

3.1. Preparation of PEI/DNA complexes 

The PEI/DNA polyplexes were prepared at different N/P ratios by dropping 

under vortex mixing, the necessary amount of PEI solution (1 mg/mL, 10 mM 

Trizma buffer, pH 7.4) to a constant DNA solution (0.05 mg/mL, 10 mM Trizma 

buffer, pH 7.4). Then the resulted solutions were incubated for 20 minutes at room 

temperature, to allow the assembly of DNA in the presence of polycation, 

respectively, the generation of PEI/DNA polyplexes. Freshly assembled polyplexes 

were used in further experiments. 

 

3.2. Hydrodynamic characterization, zeta potential, and morphology 

The hydrodynamic diameter (d, nm) and polydispersity (PdI) of polyplexes 

were determined by DLS (Zetasizer Nano ZS, Malvern Instrument). The samples 

were transferred in a cuvette, and three measurements with 15 successive cycles at 

25 °C were run. 

The zeta potential (ζ) measurements were performed using the principle of 

laser Doppler velocimetry of Zetasizer Nano ZS, Malvern Instrument. The samples 

were transferred in special cuvette for zeta potential measurement, and the 

measurements were done at 25 °C, and the reported ζ -potentials are the averaged 

results of three measurements with 30 successive cycles. For stability studies, the 

evolution of hydrodynamic characteristics of assembled polyplexes at selected time 

points during 48 h was monitored (t = 15 min, t = 6 h, t = 24 h, and t = 48 h). 

 

3.3. Cytocompatibility studies 

The cytocompatibility of polyplexes was studied on three different cell 

lines: NCTC, HDF, and HeLa cells, through three methods (MTT, LIVE/DEAD, 

and LDH). The biological experiments were done in triplicate. 

The cells were cultured at a cell density of 1×105/mL cells in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin at 37 °C in a 5% CO2 atmosphere for 24 h to 

allow the cells attachment.  

Cell viability and proliferation potential of polyplexes were analyzed after 

24 h and 72 h, using 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium 

bromide (MTT) metabolic assay. The samples were incubated with 1 mg/mL MTT 

solution for 4 h at 37 °C and the absorbance at 550 nm was measured by a 

FlexStation 3 spectrophotometer. 
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The cytotoxic potential was evaluated using the LDH assay, by mixing the 

samples with the components of the Tox-7-KT kit according to the manufacturer’s 

instructions and incubating for 20 min in darkness, then the samples were 

spectrophotometrically measured at 490 nm, using unstimulated cells as control. 

Further, the qualitative evaluation of the cytocompatibility was achieved using the 

Live/Dead kit (ThermoFisher Scientific, Foster City, CA, USA) after staining the 

live and dead cells from the media with fluorescein diacetate (FDA). Cell 

morphology was studied using a confocal microscope (Carl Zeiss LSM 710, Jena, 

Germany), and the images were processed by means of Zeiss Zen 2010 software. 

 

4. Results and discussion 

 

The present work involves the formulation of self-assembled PEI/DNA 

polyplexes with optimal hydrodynamic properties, biocompatibility, and stability 

based on N/P ratios with the insight of applying these systems in future transfection 

studies. The obtained results concord with the conclusions drawn from previous 

research [27]. 

 

4.1. DLS characterization of the PEI-DNA particles 

The assembly of PEI/DNA polyplexes can spontaneously occur by means 

of the electrostatic interactions between positively charged PEI (amino groups) and 

negatively charged DNA (phosphate functionalities). Given that electrostatic 

interaction drives the creation of the polyplexes, the ratio of cationic PEI to anionic 

DNA (N/P), mostly determines the complex's size, distribution, and charge [28, 29]. 

The variation of the hydrodynamic parameters and zeta potential of 

PEI/DNA polyplexes based on two types of PEI (L-PEI, B-PEI) in function of the 

N/P molar ratio at fixed DNA concentration (0.05 mg/mL) was investigated by 

dynamic light scattering, and the results are shown in Fig 1 (a, b, c, d).  
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Fig 1. Evolution of hydrodynamic parameters and zeta potential of a, b) L-PEI/DNA and c, d) B-

PEI/DNA polyplexes formulated at different N/P molar ratios. Negative zeta potential shows 

insufficient DNA stabilization, while positive zeta value suggests the formation of stable 

polyplexes, in corroboration with hydrodynamic measurements. 

 

Generally, there are no significant differences in the mean diameter and size 

distribution of polyplexes, regardless of the structure of the cationic polymer (L-

PEI, B-PEI)-mediated the complexation reaction.  

As shown in Fig 1, mass aggregation occurred at N/P molar rations between 

0.75 and 2 when L-PEI mediated the complexation, respectively 1.5 and 2.5 when 

B-PEI was used. The process of aggregation occurs in close proximity to the zone 

of electroneutrality. At this point, the system’s positive and negative charges are 

mutually neutralized.  Further increasing the amount of cationic polymer (up to N/P 

= 2.5 for L-PEI and 3 for B-PEI) polyplexes with an average diameter of 150–200 

nm and a suitable size distribution (PdI <0.3) were formed. Previous research 

demonstrated that monomolecular DNA-based nanoparticles should have a mean 

size of between 30 and 40 nm [30, 31]; each colloid most likely included multiple 

copies of DNA. 

Then, zeta potential of polyplexes (Fig 1, b, d) was negative at low N/P 

molar ratios due to an excess of negative charges produced by the unbounded DNA 

in the solution. The increase of the N/P molar ratio led to a positive reversion of the 

zeta potential, which has the cross point in the electroneutrality region, and above 

this region (N/P ̴ 3) the surface charge of polyplexes was no longer affected by the 

addition of the polycation. This fact suggests that a part of the PEI chains was free 
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in the solution mixture and might play an important role in promoting gene 

transfection [32]. 

 

4.2. Stability studies 

 

Studying the stability of PEI-DNA polyplexes over time is essential for 

understanding their behavior, optimizing their design, and, more importantly, 

improving gene delivery efficiency. In this respect, we studied the stability of 

polyplexes based on two types of PEI (L-PEI and B-PEI), formulated above the 

electroneutrality zone (N/P ratios from 2 to 6) by monitoring the variation of the 

hydrodynamic parameters over a period of 48 h (Fig 2, a, b, c, d). 

 

 

Fig 2 Variation of the mean hydrodynamic size (d, nm) and polydispersity (PdI) of a, b) L-

PEI/DNA and c, d) B-PEI/DNA polyplexes studied during 48 h (15 min, 6 h, 24 h, 48 h) 

Generally, the stability of polyplexes was impacted by both the type of 

polycation used in the assembly of polyplexes and the N/P molar ratio. The 

polyplexes (L-PEI/DNA or B-PEI/DNA) obtained at N/P molar ration between 2-3 

presented a reduced stability as significant variations in their polydispersity and 

mean diameter at measured time points was noted. This may be correlated with the 

insufficient amount of positive charges to stabilize the anionic compound and form 

stable polyplexes (in agreement with the DLS measurements). The stability of 

polyplexes formulated at N/P ˃ 3 was improved, while L-PEI/DNA polyplexes 

exhibited a good stability profile during the study, as no significant variations in the 

mean diameter and PdI index can be observed over the investigated period of time 
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(Fig 2, a, b), in contrast with those based on B-PEI for which the variations of these 

parameters were more evident (Fig 2, c, d).  

In conclusion, this study showed that complexing DNA by linear PEI 

produces particles with enhanced in-time stability when compared to the ones 

obtained by branched PEI. 

 

4.3. Biological studies 

 

Cellular biocompatibility and cytotoxicity represent important 

characteristics in designing efficient and safe biomaterials for biomedical 

applications. Therefore, in light of the stability studies, L-PEI/DNA and B-

PEI/DNA polyplexes obtained at N/P = 3 and N/P = 4 were selected for the 

biological investigations. In order to validate the safety of the formulated 

polyplexes, the biocompatibility and proliferation potential, along with the 

cytotoxic potential were evaluated on three different cell lines: NCTC, HDF, and 

HeLa through both quantitative (MTT, LDH) and qualitative (LIVE/DEAD) 

methods, after 24 and 72 hours of exposure in standard culture conditions. The 

results of the biocompatibility and capability of polyplexes to support and promote 

the development of the selected cell lines assessed by the MTT assay as well as the 

cytotoxicity potential examined by the LDH test were presented in Fig 3. 

 

 

Fig 3. Biocompatibility and cytotoxic response of NCTC, HDF, and HeLa cells after 24 h and 72 h 

of incubation with investigated polyplexes based on two types of PEI obtained at N/P = 3 and N/P 

= 4 molar ratios. 

 

Generally, the results of the MTT assay showed a good cellular response on 

the investigated samples after 24 h of incubation; the cellular viability is 

comparable with the control samples, in the case of NCTC and HeLa cell lines, 

while in the case of HDF, an improved cellular response was noted (the cellular 
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viability slightly exceeded that of the control sample). After 72 h, visible 

improvement in biocompatibility and proliferation potency was noted in the case of 

polyplexes incubated in the presence of NCTC and HDF cell cultures, while no 

significant differences were registered for samples incubated with HeLa cells, as 

compared to results registered after 24 h. The different behavior of cells in the 

presence of polyplexes may be correlated with the morphological and biological 

particularities of the used cellular line [33, 34]. Further, the cytotoxic potential of 

selected polyplexes was studied by determining the amount of dead cells indicated 

by the amount of LDH release in the culture media, using standard cellular culture 

as a control. The LDH assay confirmed the good biocompatibility of polyplexes on 

NCTC cells; the cellular response was significantly lower as compared to control 

samples, regardless of the investigated time point. At the same time, the level of 

LDH released in the media in the case of HDF and HeLa cell cultures was 

comparable to that of controls, suggesting a low cytotoxic potential.  

Subsequently, the confocal microscopy images of qualitative evaluation of 

the in vitro cellular viability through the LIVE/DEAD assay (Fig 4) showed a good 

cellular viability; the general number of dead cells was insignificant next to the 

living cells, regardless of the type of cellular line (NCTC, HDF, and HeLa) and the 

investigated time points (24 h and 72 h), supporting the conclusions of the MTT 

and LDH analyses. An increasing trend in cellular proliferation and development, 

comparable to control samples was noted after 72 h of incubation. Furthermore, the 

cells presented an elongated morphology, which suggested their adhesion to the 

substrate and proliferation in the seeded media [35]. 

Overall, the results confirmed the good biocompatibility and proliferation 

potential of investigated polyplexes based on both types of PEI. 
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Fig 4. LIVE/DEAD cells viability assay of NCTC, HDF, and HeLa cells after 24 h and 72 h of 

incubation with polyplexes based on two types of PEI obtained at N/P = 3 and N/P = 4 molar 

ratios 

 

5. Conclusion 

 

Small aggregates, or polyplexes, are produced when DNA and PEI are 

mixed. To achieve high gene transfection, these polyplexes must have optimal 

hydrodynamic characteristics. In this paper, we formulated and investigated the 

distinctive characteristics of PEI/DNA complexes engineered at varying N/P ratios, 

including size, polydispersity, and zeta potential. 

In general, stable polyplexes are obtained at around N/P ̴ 3, and the mean 

diameter and size distribution did not exhibit substantial variations, irrespective of 

the cationic polymer structure (L-PEI, B-PEI) used in the complexation reaction.  

The stability of polyplexes during time was impacted by both the type of 

polycation used in the assembly of polyplexes and the N/P molar ratio. The 
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polyplexes made of L-PEI and formulated at N/P ˃3 showed better stability 

compared to the other type of polyplexes, which was evidenced by the slight 

variation in the mean diameter and size distribution. 

Finally, to investigate the safety of the formulated polyplexes, three 

different cells populations (NCTC cells, HDF cells, and Hela cells) were exposed 

to the two types of polyplexes. Then safety was assessed through both quantitative 

(MTT, LDH) and qualitative (LIVE/DEAD) methods. Overall, the results 

confirmed the good biocompatibility and proliferation potential of investigated 

polyplexes based on both types of PEI, with a slight advantage observed in favor of 

L-PEI polyplexes after 72 hours, which could be explained by their superior 

stability profile over time in comparison to their counterparts. 
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