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Abstract

Branched poly(ethylenimine) (PEI) 25 kDa is an efficient gene delivery vector with outstanding 

gene condensation ability and great endosome escape activity. However, it also induces higher 

cytotoxicity. Transfection efficiency and toxicity of PEI are highly dependent upon their 

molecular weight and structure. We developed a bioreducible poly(ethylenimine) (PEI (-s-s-)) 

derived from low molecular weight PEI (1.8 kDa) for efficient gene delivery. Bioreducible core 

molecule is expected to increase molecular weight and reduce the cytotoxicity of the copolymer. 

PEI (-s-s-) polyplexes showed higher transfection efficiency and lower cytotoxicity compared to 

branched PEI 25 kDa, Lipofectamine® 2000 and, FuGENE® 6. In addition, PEI (-s-s-) derivative 

(16 kDa) formed stable polyplexes with a zeta-potential value of +34 mV and polyplex size of 61 

nm. PEI (-s-s-) derivative (16 kDa) showed excellent transfection efficiency: 3.6 times higher than 

branched PEI 25 kDa in HeLa cells and 7.4 times higher than Lipofectamine® 2000 in H9C2 cell. 

The derivatives also showed lower cytotoxicity compared with Lipofectamine® 2000 and PEI 25 

kDa in various cell types. In addition, newly synthesized PEI (-s-s-) derivatives have high 

reproducibility.
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1. Introduction

Gene therapy has potential in treating many diseases, such as cancers, infectious diseases, 

and immune system disorders. Techniques for directly killing diseased cells, producing or 

inhibiting disease-related protein, and regulating the immune system have been applied to 

these diseases using gene therapy [1–4]. Efficient delivery of therapeutic genes to target 

cells is the most important steps of gene therapy [2, 5]. Both viral and non-viral delivery 

systems have been used for gene delivery [6]. Compared with viral vectors, non-viral 

vectors have advantages such as large-scale production, low immune responses, flexible 

loading capacity of therapeutic genes, and stability of the vector [7, 8]. The development of 

efficient and safe non-viral delivery vectors is an important issue in non-viral gene therapy 

[9, 10].

The typical non-viral vectors are cationic lipids and polymers. Among the cationic 

polymers, branched poly(ethylenimine) (PEI) 25 kDa is one of the most popular and 

inexpensive gene delivery vectors. Because of its high amine density, PEI shows 

outstanding gene encapsulation efficiency and great endosome escape activity. However, it 

could destabilize the cell membrane, which will cause cytotoxicity to the cell [11–14]. 

Transfection efficiency and toxicity of cationic polymer are highly dependent upon 

molecular weight and structure. For example, high molecular weight (HMW) PEI shows a 

high transfection efficiency but, it also induces higher cytotoxicity. Therefore, high toxicity 

of HMW PEI limits transfection to in vitro and in vivo conditions. Contrast, low molecular 

weight (LMW) PEI has lower cytotoxicity, but its transfection efficiency is very poor. 

Therefore, LMW PEI cannot be used as a non-viral gene delivery vector [15, 16].

There have been several approaches to decrease the toxicity, while maintaining the merits of 

high transfection efficiency by combining PEI with biodegradable polymer to make an ideal 

non-viral vector. One way to overcome the cytotoxicity of cationic polymer is the 
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introduction of biodegradable bonds such as ester and disulfide-bonds [17]. Nam et al. 

reported that the cytotoxicity of dendrimers could be decreased through the introduction of 

ester bond [18]. However, ester bonds are readily hydrolyzed in an aqueous environment. 

Contrast, disulfide bonds are not reduced until they are exposed to reducing agents such as 

β-mercaptoethanol (BME), dithiothritol (DTT), and glutathione (GSH) [19]. Therefore, 

disulfide-linked polymers are more stable than ester-linked polymers in the extracellular 

environment. In addition, disulfide bonds can be cleaved by glutathione in the intracellular 

cytoplasm [20]. Ou et al. synthesized and evaluated a family of bioreducible poly(disulfide 

amine)s as polymeric gene vectors. In that study, they showed that transfection efficiency 

and toxicity of cationic polymer are highly dependent upon molecular weight and structure 

[21]. Low molecular weight polymer required high weight ratio to indicate a high 

transfection efficiency. This was also associated with cytotoxicity. The disulfide-containing 

PEI derivatives were also reported by several groups. For example, Peng et al. reported that 

higher transfection efficiency could be obtained via thiolation of low molecular weight PEI 

(800 Da). In 2010, Koo et al. have synthesized biodegradable branched PEI by crosslinking 

linear PEIS which showed high transfection efficiency. Moreover, disulfide-containing PEIs 

were synthesized via click chemistry by Liu et al. [22–27].

Branched PEI consists 25, 50 and 25 % of primary, secondary, and tertiary amine groups 

[28]. Because PEI has many primary amine groups, it can be easily modified to optimize its 

gene delivery activity and cytotoxicity [29]. To overcome the limitations of current PEI gene 

delivery systems, LMW PEI was connected with biodegradable core molecule. Bioreducible 

PEI (PEI (-s-s-)) was developed to impart biodegradable characteristics while maintaining 

the amine density.

Generally, the controlled synthesis of dendrimers results low polydispersity while linear 

synthetic polymer has a high polydispersity. Moreover, dendrimer has well-defined numbers 

of terminal groups for the conjugation. In this study, we hypothesized that the conjugation of 

PEI 1.8 kDa with dendritic core molecule would increase the molecular weight of PEI, and 

that increasing molecular weight would also increase the transfection efficiency. In addition, 

we expected that polymers would have high stability because using a disulfide bond rather 

than ester bond. We also expected that polymers would have a low polydispersity (P.D.) 

value because of the well-defined structure and surface functionality of dendritic core 

molecules. In this study, we described: 1) the synthesis and characterization of this novel 

bioreducible PEI derivatives; 2) its polyplex formation; 3) transfection efficiency; 4) 

cytotoxicity.

2. Materials and methods

2.1. Materials

Branched polyethylenimine (bPEI 1.8 kDa, Mw 1,800 Da) was purchased from Polysciences 

(Warrington, PA). Branched polyethylenimine (bPEI 25 kDa, Mw 25,000 Da), methanol 

(MeOH), cystamine dihydrochloride, triethylamine (TEA), methyl acrylate (MA), 

magnesium sulfate, diethyl ether, and thiazolyl blue tetrazolium bromide (MTT) were 

purchased from Sigma-Aldrich (St. Louis, MO). BCA protein assay kit was purchased from 

Pierce (Rocford, IL). The Luciferase assay system, reporter lysis buffer, and FuGENE® 6 
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were purchased from Promega (Madison, WI). Dulbecco’s modified Eagle’s medium 

(DMEM), Opti-MEM®, Dulbecco′s phosphate buffered saline (DPBS), TrypLE™ Express, 

SYBR safe DNA gel stain, and Lipofectamine® 2000 were purchased from Invitrogen 

(Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Seradigm (Radnor, PA). 

Dialysis membranes were purchased from Spectrum Laboratories (Rancho Dominguez, 

CA).

2.2. Preparation of bioreducible poly(ethylenimine)

2.2.1. Synthesis of 1st core molecule—Methyl acrylate (0.213 mol) was mixed with 

10 mL of MeOH. Cystamine dihydrochloride (8.881 mmol) and TEA (0.018 mol) were 

dissolved in 20 mL of MeOH and cystamine solution was added dropwise to methyl acrylate 

solution over 30 min. After two days of reaction at room temperature under a nitrogen 

atmosphere, MeOH and TEA were removed by evaporation. A viscous light yellow liquid 

interspersed with white precipitate was dissolved in diethyl ether and extracted with water. 

Diethyl ether layers were dried over magnesium sulfate, filtered, and evaporated (yield: 

82.97%, theoretical mass: 496.6 Da).

2.2.2. Synthesis of PEI (-s-s-) 7.6 kDa—bPEI 1.8 kDa (8.055 mmol) was mixed with 

50 mL of MeOH. The 1st core molecule (0.201 mmol) was dissolved in 20 mL of MeOH 

and the 1st core solution was added to bPEI solution dropwise over 30 min. After three days 

of reaction at room temperature under a nitrogen atmosphere, MeOH was removed by 

evaporation. A viscous liquid was dissolved in water and dialyzed (MWCO = 3,500 Da). 

Then, the product was filtered, and lyophilized (yield: 68.40%).

2.2.3. Synthesis of 2nd core molecule—Cystamine dihydrochloride (0.040 mol) and 

TEA (0.081 mol) were dissolved in 100 mL of MeOH. The 1st core molecule (1.007 mmol) 

was dissolved in 50 mL of MeOH and the 1st core solution was added to cystamine solution 

dropwise over 30 min. After four days of reaction at 4 °C under a nitrogen atmosphere, 

MeOH and TEA were removed by evaporation. The mixture was dissolved in water and 

dialyzed (MWCO= 500 Da). Then, the sample was lyophilized (yield: 50.72%, theoretical 

mass: 977.6 Da).

Methyl acrylate (0.068 mol) was mixed with 12 mL of MeOH. The lyophilized sample 

(0.853 mmol) and TEA (6.824 mmol) were dissolved in 8 mL of MeOH and sample solution 

was added dropwise over 30 min. After two days of reaction at room temperature under a 

nitrogen atmosphere, MeOH and TEA were removed by evaporation. Then, the product was 

extracted with diethyl ether and evaporated (yield: 74.66%, theoretical mass: 1666.3 Da).

2.2.4. Synthesis of PEI (-s-s-) 16 kDa—bPEI 1.8 kDa (9.602 mmol) was mixed with 50 

mL of MeOH. The 2nd core molecule (0.120 mmol) was dissolved in 20 mL of MeOH and 

the 2nd core solution was added to bPEI solution dropwise over 30 min. After five days of 

reaction at room temperature under a nitrogen atmosphere, MeOH was removed by 

evaporation. A product was dissolved in water and dialyzed (MWCO = 10,000 Da). Then, 

the product was filtered and lyophilized (yield: 58.74%).
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2.2.5. Synthesis of 3rd core molecule—Cystamine dihydrochloride (0.048 mol) and 

TEA (0.096 mol) were dissolved in 100 mL of MeOH. The 2nd core molecule (0.600 mmol) 

was dissolved in 50 mL of MeOH and the 2nd core solution was added to cystamine solution 

dropwise over 30 min. After four days of reaction at 4 °C under a nitrogen atmosphere, 

MeOH and TEA were removed by evaporation. The mixture was dissolved in water and 

dialyzed (MWCO= 1,000 Da). Then, the sample was lyophilized (yield: 47.55%, theoretical 

mass: 2628.2 Da).

Methyl acrylate (0.053 mol) was mixed with 12 mL of MeOH. The lyophilized sample 

(0.329 mmol) and TEA (5.264 mmol) were dissolved in 8 mL of MeOH and sample solution 

was added dropwise over 30 min. After three days of reaction at room temperature under a 

nitrogen atmosphere, MeOH and TEA were removed by evaporation. Then, the product was 

extracted with diethyl ether and evaporated (yield: 72.45%, theoretical mass: 4005.7 Da).

2.2.6. Synthesis of PEI (-s-s-) 32 kDa—bPEI 1.8 kDa (7.987 mmol) was mixed with 50 

mL of MeOH. The 3rd core molecule (0.050 mmol) was dissolved in 20 mL of MeOH and 

the 3rd core solution was added to bPEI solution dropwise over 30 min. After five days 

reaction at room temperature under a nitrogen atmosphere, MeOH was removed by 

evaporation. . A product was dissolved in water and dialyzed (MWCO = 10,000 Da). Then, 

the product was filtered and lyophilized (yield: 52.69%).

2.3. Physical properties

The molecular weight of PEI derivatives was estimated by size exclusion chromatography 

(SEC) using AKTA FPLC system (Superdex 75 column). Poly[N-(2-

hydroxypropyl)methacrylamide] (pHPMA) was used as molecular-weight standards. 

Acetate buffer (0.1 M ammonium acetate, 30% acetonitrile, pH 5.5) was used as eluent. 

Concentration of polymer was 3 mg/mL and flow rate was 0.4 mL/min. In order to validate 

SEC results, static light scattering method was used for the measurement of molecular 

weight of PEI derivatives.

PEI (-s-s-) derivatives have internal disulfide bonds, which are degraded in the reductive 

environment. To determine the impact of the reducing agent, PEI (-s-s-) 7.6 kDa was 

incubated in 10 mM DTT which is a well-known reducing agent. After one hour of 

incubation at room temperature, the molecular weight of PEI (-s-s-) 7.6 kDa was measured 

by using the Nano ZS (Malvern Instruments Ltd., Worcestershire, UK).

2.4. Gel retardation assay

0.5 µg of plasmid DNA (pDNA, gWiz-Luc) was mixed with PEI derivatives in 10 µL of 

HEPES buffered saline (10 mM HEPES, 1 mM NaCl, pH 7.4) at various weight ratios, and 

incubated 30 min. After 30 min of incubation at room temperature, 2 µL of loading dye was 

added to each sample and then the samples were analyzed by electrophoresis on a 0.7% 

agarose gel plate containing SYBR safe gel staining solution.
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2.5. Particle size and surface charge measurement

The average size and zeta-potential of each sample of bioreducible PEI derivatives with 4 µg 

pDNA (gWiz-Luc) at 25°C were examined using the Nano ZS with a He-Ne laser (633 nm). 

100 µL of polyplex solutions were prepared in HEPES buffered saline (10 mM HEPES, 1 

mM NaCl, pH 7.4) at various weight ratios ranging from 0.25 to 2, respectively. After 30 

min of incubation, sample solutions were diluted to a final volume of 600 µL before the 

measurement.

2.6. Cell lines and culture

Human lung adenocarcinoma epithelial cell line (A549), human cervical cancer cell line 

(HeLa), and rat cardiomyoblast cell line (H9C2) were grown in DMEM containing 10% 

FBS. The cells were maintained on plastic tissue culture dishes at 37 °C in a humidified 

atmosphere containing 5% CO2.

2.7. Luciferase expression and cytotoxicity

3.0×104 cells were seeded in 24-well plates in 500 µL of medium (DMEM) containing 10% 

FBS for a day before transfection. 0.5 µg of pDNA (gWiz-Luc) was complexed with PEI (-s-

s-) derivatives in 50 µL of serum free medium (Opti-MEM®) and incubated for 30 min at 

room temperature. Lipofectamine® 2000 and FuGENE® 6 were used as controls (incubation 

time: 15 min). To create an in vitro environment that more accurately mimics in vivo 

conditions, the medium was replaced by 450 µL of medium (DMEM) containing 50% FBS 

and the polyplexes were added. For FBS free condition, the medium was replaced by 450 µL 

of serum free medium (DMEM) and the polyplexes were added. Following four hours 

treatment of polyplexes, the medium was replaced by 500 µL of fresh medium (DMEM) 

containing 10% FBS, and plates were incubated for 2 days at 37 °C.

For the luciferase assay, the cells were washed with DPBS and lysed with 200 µL of reporter 

lysis buffer for 30 min at room temperature. The luciferase activity of 20 µL cell lysate was 

evaluated by using Tecan Infinite M200 Pro spectrophotometer (Tecan Group Ltd., 

Männedorf, Switzerland) and the total protein concentration was measured by using a Micro 

BCA assay reagent kit (Pierce, Rockford, IL).

For cytotoxicity assay of polyplexes, 20 µL of filtered MTT solution (2 mg/mL in DPBS) 

was added to each well and incubated further for 2 h. After incubation, the medium was 

removed from the well and 500 µL DMSO was added to dissolve insoluble formazan 

crystals. The absorbance was measured at 565 nm using a Tecan Infinite M200 Pro 

spectrophotometer and the cell viability was calculated as a percentage relative to untreated 

control cells. All experiments were performed in triplicate.

2.8. GFP expression

A549 (1.0×105 cells/well) cells were seeded in 12-well plates with 1 mL of medium 

(DMEM) containing 10% FBS for a day before transfection. 1.0 µg of pDNA (gWiz-GFP) 

was complexed with PEI (-s-s-) derivatives in 100 µL of serum free medium (Opti-MEM®), 

and incubated for 30 min at room temperature. Lipofectamine® 2000 and FuGENE® 6 were 

used as controls (incubation time: 15 min). The medium was replaced by 900 µL of serum 
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free medium (DMEM), and polyplex was added. After four hours of incubation, the cells 

were washed with DPBS and the medium was replaced by 1 mL of fresh medium (DMEM) 

containing 10% FBS, and then incubated further for 2 days at 37 °C. The GFP expression 

was evaluated by using an EVOS microscope (AMG, Bothell, WA).

2.9. Cytotoxicity of polymers

Cells were seeded at 5000 cells/well in 96-well plates in 90 µL of DMEM containing 10% 

FBS and incubated at 37°C for one day. Then 10 µL of polymer solution at various 

concentrations was added and cells were incubated for 2 days before assay.

To measure the cytotoxicity of PEI (-s-s-), MTT assays were performed. 10 µL of filtered 

MTT solution (2 mg/mL in DPBS) was added to each well and incubated further for 2 h. 

After incubation, the medium was removed from the well and 100 µL DMSO was added to 

dissolve insoluble formazan crystals. The absorbance was measured at 565 nm using a 

Tecan Infinite M200 Pro spectrophotometer and the cell viability was calculated as a 

percentage relative to untreated control cells. All experiments were performed in 

quintuplicate.

3. Results and discussion

3.1. Synthesis of bioreducible poly(ethylenimine) derivatives

Figure 1 shows the molecular structure of the bioreducible poly(ethylenimine) derivatives. 

Michael addition-amidation reactions were performed repeatedly for the synthesis of core 

molecules containing disulfide bonds [30]. After synthesizing the dendritic core molecule, 

bPEI 1.8 kDa was conjugated with core molecule. Each reaction step was monitored by 

Thin-Layer Chromatography (TLC) and 1H NMR using the methoxy proton signal. For 1H 

NMR analysis, the samples were dissolved either in MeOD or D2O. Because of the 

unique 1H NMR peak for methoxy group of methyl acrylate (δ 3.66), reactions were easy to 

identify. The 1H NMR results of higher molecular weight polymers showed similar patterns 

with a 7.6 kDa polymer. The 1H NMR spectrum of the each polymer is shown in figure S1.

Cystamine dihydrochloride (400 MHz, D2O)

δ 3.05 (-SCH2CH2NH3
+), δ 3.42 (-SCH2CH2NH3

+)

1st core molecule (400 MHz, MeOD)

δ 2.48 (-NCH2CH2CO-), δ 2.80 (-SCH2CH2N-, -NCH2CH2CO-), δ 3.66 (-O-CH3)

Bioreducible PEI (-s-s-) 7.6 kDa (400 MHz, D2O)

δ 2.28 (-NCH2CH2CO-; core), δ 2.45~2.75 (-NCH2CH2N-; PEI), δ 2.98~3.38 (-

SCH2CH2N-, -NCH2CH2CO-; core)

The molecular weight was calculated size exclusion chromatography (SEC) data and static 

light scattering data (Table 1, figure 2). Based on the results, one bPEI 1.8 kDa had been 

conjugated to each primary amine branches of the dendritic core molecule. The molecular 

weight of bioreducible poly(ethylenimine) derivatives was estimated to be 7.6 kDa (P.D. = 

1.20), 16.3 kDa (P.D. = 1.26), and 32.6 kDa (P.D. = 1.24), respectively. P.D. values of step 
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polymerization reactions were typically around 2.0. However, P.D. values of PEI (-s-s-) 

derivatives were about 1.26. This represents that PEI (-s-s-) derivatives have high 

reproducibility.

3.2. Degradation study

Because of the low extracellular concentrations of GSH, disulfide bonds are generally stable 

during the circulation, however undergo rapid cleavage in the intracellular cytoplasm. 

Therefore, disulfide-based cationic gene delivery polymers have been developed by several 

groups and, disulfide-based polymers usually showed low toxicity and rapid gene release 

profiles in the intracellular cytoplasm [22, 24]. PEI (-s-s-) derivatives have internal disulfide 

bonds, which are degraded in the reductive environment. To determine the impact of the 

reducing agent, PEI (-s-s-) 7.6 kDa was incubated in DTT solution. After one hour of 

incubation at room temperature, the molecular weight of the polymer was measured by 

using the Nano ZS (figure 2). Static light scattering experiments can be used to determine 

the molecular weight.

As a result, the molecular weight of PEI 7.6 kDa was calculated as 7.57 ± 0.41 kDa (R2 = 

0.96, A2 = −0.0336 mL mol/g2) before DTT treatment. After DTT treatment, the average 

molecular weight of polymer was decreased (2.79 ± 0.30 kDa, R2 = 0.79, A2 = −0.0846 mL 

mol/g2). Because it is a mixture of different polymers after DTT treatment, a correlation 

coefficient (R2) was only 0.79 after DTT treatment.

3.3. Particle formation and stability

The formation of nano-sized polyplexes with a positive charge is the most important factor 

in polymeric gene delivery [31, 32]. To confirm the polyplex formation, polyplexes were 

prepared at various weight ratios ranging from 0.25 to 2. Non-degradable branched PEI 25 

kDa and 1.8 kDa were used as controls. First, the self-assembly of the synthesized polymers 

with pDNA was investigated by gel retardation assay at 37 °C. As shown in figure 3, all 

synthesized polymers showed a complete retardation of pDNA at a weight ratio of 0.25.

Then, the particle size and the surface charge of polyplexes were measured to determine the 

condensing ability of the synthesized polymers. The surface charge increased with 

increasing weight ratios for all polymers (figure 4A). Surface charge of the PEI (-s-s-) 7.6 

kDa polyplex (36.20 ± 0.93 mV), the PEI (-s-s-) 16 kDa polyplex (34.03 ± 1.56 mV), and 

the PEI (-s-s-) 32 kDa polyplex (36.17 ± 1.06 mV) were stronger than the bPEI 1.8 kDa 

(30.32 ± 0.66 mV) and weaker than the bPEI 25 kDa (38.57 ± 0.90 mV) at weight ratio of 2. 

In addition, the particle size decreased with increasing weight ratios (figure 4B). The particle 

sizes of PEI (-s-s-) polyplexes (7.6 kDa: 80.95 ± 0.30 nm, 16 kDa: 61.04 ± 0.14 nm, and 32 

kDa: 74.35 ± 1.99 nm) were smaller than bPEI 25 kDa (90.82 ± 1.30 nm) and 1.8 kDa 

(94.22 ± 0.86 nm). These results represent that condensing ability of PEI (-s-s-) was better 

than non-degradable branched bPEI 25 kDa and 1.8 kDa.
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3.4. Transfection efficiency and cytotoxicity of polyplexes

The transfection efficiency of PEI (-s-s-) derivatives was evaluated in the A549, HeLa, and 

H9C2 cells using luciferase (gWiz-Luc) and GFP (gWiz-GFP) genes. bPEI 25 kDa, bPEI 

1.8 kDa, Lipofectamine® 2000, and FuGENE® 6 were used as controls. In order to find the 

optimal gene transfer condition for each polymer, the transfection experiments were 

performed at various weight ratios. The selected conditions were as follows:

Table 2

Selected weight ratios for transfection experiments

Cell line A549 HeLa H9C2

Polymer serum 50% 0% 50% 0% 50% 0%

PEI 25 kDa 1 1 1 1 1 1

Lipofectamine® 2000 2 2 2 2 2 2

FuGENE® 6 1.5 1.5 1.5 1.5 1.5 1.5

PEI 1.8k Da 8 4 6 4 8 6

PEI(-s-s-) 7.6 kDa 8 4 6 4 8 6

PEI(-s-s-) 16 kDa 8 4 6 4 8 6

PEI(-s-s-) 32 kDa 8 4 6 4 8 6

Whereas bPEI 1.8 kDa did not show the transfection efficiency, PEI (-s-s-) derivatives 

showed higher transfection efficiency at weight ratio of 4 for A549 and HeLa cell line, and 6 

for H9C2 cell line (figure 5). Due to the cytotoxicity of polyplexes, the total amount of 

cellular protein from Lipofectamine® 2000 treated groups were much lower than other 

polymer treated groups. In order to prevent misinterpretation of results, the transfection 

efficiency was reported both RLU/well (A, C, E) and RLU/mg protein (B, D, F). In the 

HeLa cell line, PEI (-s-s-) 16 kDa and 32 kDa showed similar transfection efficiency at 

weight of 4 (figure 5C). The order of transfection efficiency was PEI (-s-s-) 32 kDa ≥ PEI (-

s-s-) 16 kDa > PEI (-s-s-) 7.6 kDa > bPEI 25 kDa > Lipofectamine® 2000 > FuGENE® 6 ≈ 

bPEI 1.8 kDa (RLU/well). The transfection efficiency of PEI (-s-s-) polyplexes followed a 

similar order in the A549 cell line (figure 5 A, B). However, the transfection efficiency of 

PEI (-s-s-) 32 kDa was lower than PEI (-s-s-) 16 kDa in the H9C2 cell line (figure 5E, F) 

due to their cytotoxicity (figure 7C). As a result, PEI (-s-s-) derivatives exhibited an 

improved transfection efficiency in all three cell lines. Especially, PEI (-s-s-) 16 kDa gave 

3.3 times higher gene expression than Lipofectamine® 2000 in HeLa cell and 11.0 times 

higher than Lipofectamine® 2000 in H9C2 cell.

To mimic in vivo conditions, the transfection efficiency was also evaluated in the presence 

of serum. As demonstrated in figure 5, the transfection efficiency of polymers slightly 

decreased at 50% FBS conditions. However, the transfection efficiency of PEI (-s-s-) 

derivatives showed much higher levels compared with PEI 25kDa, PEI 1.8kDa and 

FuGENE® 6. Interestingly, Lipofectamine® 2000 showed increased transfection efficiency 

in the 50% serum condition. However, the cytotoxicity induced by Lipofectamine® 2000 is 

still remained a big problem.
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Transfection results with GFP gene showed similar results in A549 cells (figure 6). PEI (-s-

s-) 16 kDa and 32 kDa showed higher transfection efficiency than other polymers at a 

weight ratio of 4. The same result was observed in other cells (data not shown).

The cytotoxicity of polyplexes is a very important factor in polymeric gene delivery. The 

cytotoxicity of polyplexes is highly correlated with their surface charge and molecular 

weight. Generally, polyplex toxicity increases with increasing surface charge and molecular 

weight. However, PEI (-s-s-) derivatives exhibited a relatively low cytotoxicity due to their 

biodegradability (figure 7).

3.5. Cytotoxicity of polymer

The cytotoxicity of polymers was evaluated in the A549, HeLa, and H9C2 cells by MTT 

assay (figure 8). bPEI 25 kDa and 1.8 kDa were used as controls. Normally, cell viability 

tends to decrease with increasing molecular weight. Therefore, PEI (-s-s-) derivatives 

showed slightly increased cytotoxicity compared to PEI 1.8 kDa. The order of cell viability 

was bPEI 1.8 kDa > PEI (-s-s-) 7.6 kDa >PEI (-s-s-) 16 kDa > PEI (-s-s-) 32 kDa » bPEI 25 

kDa in all three cells. However, PEI (-s-s-) derivatives were almost non-toxic, while the 

relative cell viability with bPEI 25 kDa was below 20%. Moreover, despite the higher 

molecular weight, PEI (-s-s-) 32 kDa showed lower cytotoxicity than bPEI 25 kDa due to its 

biodegradability. From the results, we observed that bPEI 25 kDa was highly toxic and PEI 

(-s-s-) derivatives were much less toxic in all three cell lines.

4. Conclusion

Bioreducible cationic copolymers containing 1.8 kDa PEI and dendritic core molecule were 

synthesized and investigated for efficient gene delivery. Generally, the molecular weight and 

charge density of polymer affect the cytotoxicity and gene transfer activity. Enhanced 

transfection efficiency is expected from an increased molecular weight and decreased 

cytotoxicity is expected from the degradation of the core molecule in the intracellular 

cytoplasm. Three types of newly synthesized core molecule containing disulfide bonds have 

increased the molecular weight of PEI. The obtained PEI (-s-s-) derivatives showed higher 

transfection efficiency, as compared to non-degradable PEI 25 kDa, 1.8 kDa, 

Lipofectamine®, and FuGENE® 6. Moreover, the PEI (-s-s-) derivatives had relatively 

lower cytotoxicity due to the degradability of the polymers. In addition, these polymers 

showed great plasmid condensing ability. The above results lead us to conclude that the 

bioreducible poly(ethylenimine) has great potential as a gene carrier, especially PEI (-s-s-) 

16 kDa.
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Figure 1. 
The synthesis scheme and structure of bioreducible poly(ethylenimine) derivatives. i) 

Cystamine dihydrochloride, ii) methyl acrylate, iii) bPEI 1.8 kDa
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Figure 2. 
Debye plots for PEI (-s-s-) 7.6 kDa before (A) and after (B) DTT treatment. KC/RθP (●) 

and scattering intensity (▲). (C) Debye plots for PEI (-s-s-) 7.6 kDa (●), 16 kDa (▼) and 32 

kDa (■)
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Figure 3. 
Agarose gel electrophoresis retardation assay of PEI derivatives with 0.5 µg pDNA. pDNA 

only (lane D), weight ratios of polymer/pDNA = 0.25, 0.5, 1 and 2 (lanes 1, 2, 3 and 4, 

respectively). The negative particles migrated toward the positive electrode under the 

electric field.
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Figure 4. 
The zeta potential (A) and size (B) analysis of PEI derivatives/pDNA polyplexes at various 

weight ratios. PEI 25 kDa (●, ), PEI 1.8 kDa (▲, ), PEI (-s-s-) 7.6 kDa (▼, ), PEI (-s-s-) 

16 kDa (■, ), and PEI (-s-s-) 32 kDa (♦, ). Results are expressed as mean ± standard 

deviation (n=3).
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Figure 5. 
Transfection experiment results at various weight ratios in A549 cells (A, B), HeLa cells (C, 

D), and H9C2 cells (E, F). Results are expressed as mean ± standard deviation (n=3). Black 

bars for (−) FBS, gray bars for (+) FBS.
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Figure 6. 
Green fluorescent protein expression levels in A549 cells
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Figure 7. 
Cytotoxicity assay of polyplexes in A549 cells (A), HeLa cells (B), and H9C2 cells (C) by 

MTT assay. Results are expressed as mean ± standard deviation (n=3).
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Figure 8. 
Cytotoxicity assay in A549 cells (A), HeLa cells (B), and H9C2 cells (C) at various 

concentrations of PEI derivatives by MTT assay. PEI 25 kDa (●), PEI 1.8 kDa (▲), PEI (-s-

s-) 7.6 kDa (▼), PEI (-s-s-) 16 kDa (■), and PEI (-s-s-) 32 kDa (♦). Results are expressed as 

mean ± standard deviation (n=5).
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Table 1

Molecular weights and second virial coefficients (A2) of PEIs

Size exclusion chromatography Static light scattering

kDa polydispersity kDa A2 (mL mol/g2)

PEI(-s-s-) 7.6 kDa 7.6 1.20 7.57 ± 0.41 −0.0336

PEI(-s-s-) 16 kDa 16.3 1.26 15.20 ± 0.82 −0.0168

PEI(-s-s-) 32 kDa 32.6 1.24 31.30 ± 1.70 −0.0081
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