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Abstract: Various strategies have been utilized to improve both gene transfer efficiency and 

cell-induced toxicity of polyethylenimine (PEI), the most extensively investigated cationic 

polymeric vector. In this study, we sought to enhance transfection efficiency of low molecular 

weight PEI (LMW PEI) while maintaining its low toxicity by cross-linking LMW PEI via succinic 

acid linker. These modifications were designed to improve the hydrophilic–hydrophobic balance 

of the polymer, by enhancing the buffering capacity and maintaining low cytotoxic effects of 

the final conjugate. Decreased expression of CD200 in the central nervous system has been 

considered as one of the proposed mechanisms associated with neuroinflammation in multiple 

sclerosis; therefore, we selected plasmid-encoding CD200 gene for transfection using the 

modified PEI derivatives. Dynamic light scattering experiments demonstrated that the modified 

PEIs were able to condense plasmid DNA and form polyplexes with a size of approximately 

130 nm. The highest level of CD200 expression was achieved at a carrier to plasmid ratio of 8, 

where the expression level was increased by 1.5 fold in the SH-SY5Y cell line, an in vitro 

model of neurodegenerative disorders. Furthermore, the results of in vivo imaging of the LMW  

PEI-based nanoparticles in the mouse model of multiple sclerosis revealed that fluorescently 

labeled plasmid encoding CD200 was distributed from the injection site to various tissues and 

organs including lymph nodes, liver, brain, and finally, kidneys. The nanoparticles also showed 

the ability to cross the blood–brain barrier and enter the periventricular area.
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Introduction
The potential of gene therapy in the prevention and treatment of various diseases, 

including cancer, multiple sclerosis (MS), hemophilia, cystic fibrosis, diabetes, as well 

as Parkinson and Alzheimer diseases has led researchers to consider gene therapy as 

a new paradigm in modern medicine.1–3 Transfer of genetic material in the absence of 

a carrier (naked DNA delivery) is a simple technique. Despite this, the majority of the 

research is being conducted on vectorization of nucleic acid therapeutics. This is because 

naked DNA is highly susceptible to the degradation enzymes, which causes its rapid 

clearance from blood circulation following the systemic administration.4 Despite the 

remarkable intrinsic capability of viral gene carrier DNAs in the transfection of various 

genetic materials into different cells and tissues, their immunogenicity, oncogenicity, 

low-carrying capacity, and expensive production procedures have resulted in attempts to 

utilize novel non-viral gene vectors.5,6 There are several different reports demonstrating 
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the ability of nanoparticle-forming polymers in the delivery of 

nucleic acid therapeutics with high efficiency and low toxicity. 

Among the different polycationic compounds used in transfec-

tion, polyethylenimine (PEI) has been considered as the most 

extensively investigated cationic polymer due to its ability to 

interact with the negatively charged backbone of the nucleic 

acids and form nano-sized particles.7–9 The characteristics 

of PEI are highly related to the high amine content, which 

causes a significant positive charge density on the surface of 

the polymer.10,11 Thus, PEI can interact with the negatively 

charged components of the cell membrane, which results in 

its translocation into the cell. Furthermore, the substantial 

amine content plays a critical role in the early escape of the 

PEI-based formulations from enzymatic degradation inside 

the endosomes/lysosomes.12 However, a major disadvantage 

of PEI-based nanoparticles is their toxicity, which in turn, 

raises concerns about their application in human gene therapy.13 

There are several factors that determine cytotoxic effects of 

PEI, such as high molecular weight, increased branching, 

and greater density of positive charge on the structure of PEI 

polymer.14–16 Hence, several chemical modifications as well as 

conjugation of PEI with various chemical moieties have been 

examined in order to decrease the toxic effects of PEI.13,17–25 

Since high molecular weight PEI induces more toxicity, there 

are several reports suggesting the application of low molecular 

weight PEI (LMW PEI) as the core of the transfection vector 

and modifying it to increase its transfection efficiency.15,26–32 

Considering the effect of hydrophobic modification of PEI in 

increasing the transfection efficiency, we hypothesized that 

cross-linking LMW PEIs using potentially biodegradable 

linkages such as amides enhances its gene transfer ability with 

minimal toxic effects.

CD200 is a membrane glycoprotein which has been shown 

to cause immune suppression via its receptor CD200R.33,34 

The interaction of CD200 and CD200R initiates tyrosine 

phosphorylation which finally leads to the inactivation of 

microglia. Microglia are the resident antigen presenting 

macrophages of the central nervous system (CNS) that play 

a key role in neuroimmune processes. Protection of CNS 

against neuronal stress needs an immune-privileged environ-

ment; therefore, it is suggested that the interaction between 

CD200 and CD200R is one of the factors that provide such 

an environment in the CNS.35 This can be confirmed by 

the fact that the other immune-suppressed organs such as 

placenta demonstrates high levels of CD200 expression.34 

Furthermore, it has been shown that CD200-deficit mice 

are more susceptible to different types of inflammatory 

diseases including MS. Decreased expression of CD200 in 

MS lesions might promote microglial activation leading to 

various inflammatory responses; therefore, increased levels 

of CD200 in patients with MS might be considered as a 

strategy for neuroprotection.33,36,37

In this study, we hypothesized that cross-linking LMW 

PEI via amide linkages enhances its poor transfection effi-

ciency while maintaining low cytotoxic effects. The synthe-

sized PEI derivatives were characterized in terms of particle 

size, zeta potential, buffering capacity, plasmid condensation 

ability, and protection against nuclease degradation as well 

as cytotoxicity. Furthermore, we investigated the ability of 

modified PEI derivatives in transferring the plasmid encoding 

CD200 gene in SH-SY5Y cell line, an in vitro model of 

neurodegenerative disorders. We also investigated the ability 

of PEI conjugates to cross the blood–brain barrier (BBB) by 

performing in vivo imaging of nanoparticles using a mouse 

model of MS.

Materials and methods
Materials
Branched PEI (LMW PEI; average MW = 1,800 Da), suc-

cinic anhydride, MTT, N-hydroxybenzotriazole, 1-ethyl-

3-[3-dimethylaminopropyl] carbodiimide hydrochloride, 

1-hydroxybenzotriazole hydrate, and N-[2-hydroxythyl] 

piperazine-N-[2-ethanesulfonic acid] (HEPES) were pur-

chased from Sigma-Aldrich (Munich, Germany). Human 

CD200 plasmid (pCMV-XL5-hCD200) was obtained from 

OriGene (Rockville, MD, USA). Cell culture experiments 

were performed using FBS and DMEM (Gibco, Gaithersburg, 

MD, USA). Spectra/Por dialysis membrane was obtained 

from Spectrum Laboratories (Houston, TX, USA). Transfor-

mAid Bacterial Transformation Kit (K-2710) was purchased 

from Thermo Scientific Company (Hanover, MD, USA). 

Plasmid purification was performed by Qiagen Endofree 

Mega Plasmid Kit (Qiagen, Hilden, Germany). cDNA 

synthesis and Real Time PCR were performed using the 

PrimeScript™ RT reagent Kit (Perfect Real Time, TaKaRa, 

Dalian, People’s Republic of China), and RealQ Plus 2x 

Master Mix Green High ROX™ (AmpliQon, Denmark). All 

solvents and chemicals were purchased from Sigma-Aldrich 

(Munich, Germany) and were of the highest purity available.

Synthesis of succinated PEI
To synthesize the succinated PEI derivative, 1,800 Da branched 

PEI (0.5 g) was dissolved in 8 mL of water and 2 mL of NaCl 

solution (3 M). The pH of the solution was adjusted to 5 using 

hydrochloric acid (HCl, 1 M). Then, desired amounts of 

succinic anhydride were dissolved in DMSO and added to the 
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stirred PEI solution at room temperature. The reaction was 

allowed to proceed for 3 h. The crude product was dialyzed 

first against NaCl (0.25 M) to remove unreacted succinate 

and then twice against double-distilled water followed by 

lyophilization.

Conjugation of LMW PEI to the 
succinated PEI
Briefly, succinated PEI (0.1 g) was dissolved in water and 

stirred with 1-ethyl-3-[3-dimethylaminopropyl] carbodi-

imide hydrochloride solution for around 1 h. Then, desired 

amounts of LMW PEI and 1-hydroxybenzotriazole hydrate 

were dissolved in water and added dropwise to the succinated 

PEI solution at room temperature. The reaction mixture was 

allowed to proceed for 24 h with constant shaking. Finally, 

the reaction mixture was dialyzed against double-distilled 

water to remove unreacted materials. Following dialysis, 

the aqueous solutions were lyophilized. The fluffy materials 

were characterized by 1H-NMR (D
2
O) spectroscopy using a 

Bruker Avance DRX-500 MHz NMR spectrometer (Bruker, 

Ettlingen, Germany) and Fourier transform infrared (FTIR) 

spectroscopy. Furthermore, the primary amine content of PEI 

derivatives and the degree of conjugation was determined by 

2,4,6-trinitrobenzenesulfonic acid assay.

Preparation and purification of the 
pDNA
pCMV-XL5-hCD200 plasmid was transfected into Escherichia 

coli strain DH5α. The transfected bacterial cells were propa-

gated in selective Luria–Bertani medium and then were 

centrifuged. The cell pellets were used to extract pDNA, 

which was quantified by using Qiagen Endofree Mega 

Plasmid Kit according to the manufacturer’s instructions. 

Purity of the pDNA was measured using a UV spectropho-

tometer (PerkinElmer, USA). PDNA preparations with A260/

A280 ratios around 1.8 were further used in this study.

Buffering capacity
The buffering capacity of PEI and its derivatives were deter-

mined by an acid–base titration experiment. Briefly, each PEI 

derivative (0.4 mg) was dissolved in deionized water and pH 

of each solution was adjusted to 12 by using 1 M NaOH. 

Then, polymer solutions were titrated sequentially with 

aliquots of 3 μL of 1 M HCl and the pH values were recorded 

using a pH meter (AZ instruments, Taiwan). The addition of 

HCl was stopped when the pH of the solution reached 2. The 

slope of plot of pH versus the amount of added HCl demon-

strates the buffering capacity of different polymers.

Polyplex preparation
PEI derivatives/pDNA polyplexes were prepared in HBG 

buffer (HEPES buffered glucose solution; 20 mM HEPES, 

5% glucose, pH =7.2) by adding 50 μL of the solution 

containing PEI conjugates at various concentrations to 

the same volume of pDNA (40 μg/mL) in the same buffer 

followed by pipetting up and down. This was incubated at 

room temperature for 20–30 min to obtain stable complexes. 

The composition of the prepared formulations was defined 

by carrier to plasmid (C/P) ratio in which C is the weight of 

PEI and its derivatives and P represents the weight of pDNA 

used in the formation of complex.

Ethidium bromide (EtBr) exclusion assay
Quantitative association of pDNA with PEI and its derivatives 

was measured using a DNA intercalating dye (EtBr). Exclu-

sion of the dye from pDNA upon the addition of polymers 

leads to a decrease in fluorescence intensity demonstrating 

the ability of PEI and its derivatives to condense pDNA. 

A solution of the pDNA (400 ng/mL) and EtBr (0.4 mg/mL) 

was prepared in HBG buffer and its fluorescence intensity was 

measured and set to 100% using a spectrofluorometer (LS55, 

PerkinElmer, MA, USA). Then, PEI solution was added step-

wise to the pDNA solution and the decrease in fluorescence 

intensity was recorded following each addition at an excitation 

wavelength 510 nm and emission wavelength 590 nm with a 

5 nm slit width. The obtained graph represents the quantitative 

condensation ability of PEI derivatives at various C/P ratios. 

All measurements were performed in triplicates.

Gel retardation assay
Agarose gel (1%, w/v) containing 0.5 μg/mL GelRed (Biotium, 

Fremont, CA, USA) was prepared in buffer (Tris, acetate, and 

ethylenediaminetetraacetic acid at pH =8). Each PEI/pDNA 

complex was prepared by mixing 10 μL of pDNA solution 

(40 μg/mL) with an equal volume of the polymer solution at 

different C/P ratios. The samples (10 μL) were mixed with 

2 μL of 6X loading dye (CinnaGen, Iran) and the mixtures 

were loaded onto an agarose gel. The gel was run for 30 min 

at 100 V and location of DNA bands was visualized using 

a UV illuminator.

Measurements of the size and zeta 
potential of the polyplexes
Particle size and surface charge of PEI/DNA complexes 

were evaluated using dynamic light scattering (DLS) and 

laser Doppler velocimetry, respectively, using Malvern Nano 

ZS (Malvern Instruments, Malvern, UK). Polymer/pDNA 
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complexes were prepared in HBG buffer at C/P ratio of 8 by 

mixing equal volumes of buffer containing PEI and plasmid. 

Data were collected for 30 cycles in automatic mode, and 

the results are reported as mean ± standard error of mean 

(SEM) (n=3).

Resistance of pDNA against DNase I 
degradation
To demonstrate the ability of PEI and its derivatives 

in the protection of pDNA against enzymatic degradation, 

protection and release assay was performed as described 

elsewhere.38 Briefly, polyplexes were prepared at different 

C/P ratios (ranging from 0.25:1 to 8:1) and mixed with 1 μL 

of DNase I enzyme in PBS or DNase/Mg2+ digestion buffer 

(50 mM Tris–Cl, pH 7.6 and 10 mM MgCl
2
) and incubated 

for 30 min at 37°C. Instantly following the incubation, 4 mL 

of EDTA (250 mM) was added to inactivate the enzyme 

and then mixed with 1% sodium dodecyl sulfate (SDS), 

dissolved in 1 M NaOH (pH 7.2). To allow complete dis-

sociation of the complexes, all the samples were incubated 

for approximately 2 h at room temperature. Finally, agarose 

gel electrophoresis was performed to visualize the location 

of plasmid bands.

Cell culture and cytotoxicity assay
SH-SY5Y human neuroblastoma cells (C611, NCBI, Tehran, 

Iran) were incubated at 37°C in a humidified (100% humidity) 

atmosphere of 5% CO
2
 in 100 μL DMEM (1 g/L glucose, 

2 mM glutamine) supplemented with 10% FBS, 100 μg/mL 

streptomycin, and 100 IU/mL penicillin. The toxicity of 

PEI and its derivatives complexed with pDNA was evalu-

ated using MTT assay. Cells were cultured at a density of 

1×104 cells per well in a 96-well plate for 1 day before the 

evaluation of toxicity. To prepare the polyplexes at various 

C/P ratios of 0.25:1–8:1, desired concentrations of PEI and 

its derivatives in HBG buffer were prepared. Next, pDNA 

solutions (40 µg/mL) were prepared in the same buffer in 

separate tubes. Then, 50 μL of the PEI solution was added 

to the plasmid solution to prepare the polyplex formula-

tions at the C/P ratios of 0.25, 4, and 8 at the final volume 

of 100 μL. MTT assay was performed by the addition of 

10 μL of polyplex formulation to the 96-well plates followed 

by the replacement of medium with 100 μL fresh DMEM 

growth medium containing FBS after 4 h. Following 24 h 

of incubation, the medium was aspirated and MTT solution 

(5 mg/mL) was added to each well and incubated for another 

1.5 h. Finally, formazan crystals formed were dissolved in 

100 μL/well DMSO, and the absorbance was measured by 

an ELISA reader (ELx800, BioTek, Germany) at 590 nm 

and background corrected at 630 nm. Data are presented as 

mean ± standard deviation (SD); n=3.

Transfection procedure and evaluation of 
the transgene expression
To assess the transfection efficiency of PEI and its derivatives 

in transfecting plasmid encoding CD200 gene into the SH-

SY5Y cells, in vitro transfection experiment was performed 

using the plasmid pCMV-XL5-hCD200 at a final concentration 

of 200 ng/well. Briefly, polyplexes were prepared at various 

C/P ratios as described for the MTT assay. Then, 10 μL of 

polyplex formulation was added to each well and incubated 

for 4 h at 37°C followed by the replacement of medium with 

fresh DMEM containing 10% FBS and incubation for an addi-

tional 48 h. At the end of the transfection procedure, cells were 

harvested and suspended in FACS buffer (PBS, 2% FBS and 

0.1% Na
3
N) at 5×106 cells/mL. Then, 5 μL of APC anti-human 

CD200 antibody (Biolegend, Germany) was added followed 

by incubation on ice for 5–10 min in dark. Finally, cells were 

centrifuged and resuspended in the appropriate buffer and ana-

lyzed by flow cytometry (FACS Calibur, Becton Dickinson, 

Mountain View, CA) using FlowJo software (TreeStar Inc., 

San Carlos, CA). The cells treated with no plasmid or polyplex 

(with medium only) were considered as negative control.

To evaluate transgene expression at mRNA level, real-

time quantitative PCR was performed. The RNA extraction 

was performed using RNA isolation kit (Jena Bioscience, 

Germany) according to the manufacturer’s instructions. 

Following the isolation of RNA and treatment with DNase 

(Thermo Fisher Scientific, Waltham, MA, USA), levels 

of CD200 transcripts expression were quantified using 

PrimeScript™ RT reagent Kit (Perfect Real Time, TaKaRa, 

Dalian, People’s Republic of China), and RealQ Plus 2x 

Master Mix Green High ROX™ (AmpliQon, Denmark) 

kit. Following CD200 primers were used; forward: 

5′-AATACCTTTGTTTTTGGGAAGATCT-3′ and reverse: 

5′-GGTGGTCTTCAGAGAATTTGTAGTGA-3′. Transcript 

levels were normalized against GAPDH primers; forward: 

5′-ACTTCAACAGCGACACCCACT-3′ and reverse: 

5′-GCCAAATTCGTTGTCATACCAG-3′. All the reactions 

were performed using MJ mini thermal cycler (BIO-RAD, 

Germany). Relative gene expression of CD200 was calculated 

by the 2−(ΔΔCT) method using GAPDH as the reference gene.

Fluorescence microscopy and in vivo 
imaging of the nanoparticles in mouse 
model of MS
All animal experiments were conducted with the approval of 

the Institutional Ethical Committee and Research Advisory 
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Committee of Shiraz University of Medical Sciences (SUMS; 

Shiraz, Iran) and were based on the Ethical Guidelines for 

the Care and Use of Animals in Medical Research (SUMS 

protocol#7409). C57BL/6 male mice were obtained from the 

animal laboratory of SUMS. The induction of demyelination 

was performed by feeding 8-week-old C57BL-6 mice with 

a diet containing 0.2% (w:w) cuprizone (bis-cyclohexanone 

oxaldihydrazone; Sigma-Aldrich, Munich, Germany) for 

6 weeks followed by a normal chow for additional 6 weeks. 

The demyelination was confirmed by Luxol Fast Blue 

staining according to Kluver–Barrera procedure as described 

elsewhere.39 To track nanoparticles in the body of the mice, 

fluorescently labeled plasmid encoding CD200 by GelRed 

was used, and the polyplexes at the highest C/P ratio of 8 were 

prepared as described earlier (vide supra). Mice were injected 

via the tail vein at a final volume of 100 μL of the polyplex 

formulation. Control mice received the same volume of HBG 

buffer. At the end of each time point (0, 15, 30, 60, 120, 

180 min, and 24 h post injection) mice were deeply anes-

thetized with a ketamine-xylazine cocktail via intramuscular 

injection and then immediately imaged by the Kodak In-Vivo 

Imaging System F Pro (Kodak, USA) at the excitation and 

emission wavelengths of 510 and 600 nm, respectively. 

The captured images were processed and analyzed with 

the Kodak In-Vivo F Pro Imaging System equipped with 

Carestream MI software. Furthermore, the presence of nano-

particles containing the fluorescently labeled plasmids inside 

the brain tissue was shown using a fluorescence microscope 

(Olympus, Japan).

Statistical analysis
Data are presented as the mean ± SD. The statistical significance 

was determined using Student’s t-test and P-values ,0.05 

were considered as significant.

Results and discussion
Synthesis of PEI derivatives
Figure 1 shows the strategy for the synthesis of PEI deriva-

tives. LMW branched PEI (1,800 Da) was initially modi-

fied by the conjugation of predominantly primary amines 

with succinic anhydride to improve its hydrophilicity–

hydrophobicity balance. This modification also provided 

the terminal carboxylate groups to which another LMW PEI 

could be grafted in the next step. Next, the PEI derivatives 

were labeled as PEI-SUC and PEI-SUC-PEI conjugates. 

The structure of modified PEI was confirmed by 1H-NMR 

Figure 1 Synthesis of PEI derivatives.
Notes: LMW branched PEI (1,800 Da) was initially modified by the conjugation of predominantly primary amines with succinic anhydride. This modification also provided 
the terminal carboxylate groups to which other LMW PEIs could be grafted in the next step.
Abbreviations: LMW, low molecular weight; PEI, polyethylenimine.
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spectra in which the methylene of succinate appeared at 

2.5 ppm, whereas PEI protons were found between 2.6 and 

3.6 ppm. FTIR spectra showed two new peaks at 1,658 and 

1,715 cm−1 for PEI-SUC conjugate corresponding to amide 

and carboxylic acid groups, respectively. Following the con-

jugation of LMW PEI to the PEI-SUC structure, carboxylate 

peak weakened to 1,660 cm−1 confirming the formation of 

an amide bond. Then, 2,4,6-trinitrobenzenesulfonic acid 

assay was performed to determine the extent of LMW PEI 

primary amine substitution by succinic acid. According to 

the results, the degree of conjugation was around 10 mol%. 

Furthermore, the same assay was performed to determine 

the grafting degree of LMW PEI on the previous structure. 

The results of this assay demonstrated that the yields for the 

coupling of LMW PEI to the succinated PEI derivative was 

less than 100% so that the final conjugates contained an 

average of 75.6%±0.7% of the primary amine content of the 

original unmodified LMW PEI. The reproducibility of the 

synthesis procedure was determined by performing several 

independent preparations.

Biophysical properties of PEI 
conjugates and the polyplexes
Evaluation of the buffering capacity of PEI 
and its derivatives
Proton sponge effect has been considered as the major mecha-

nism by which the polycationic-based nanocarriers induce 

early escape from endosomal/lysosomal compartments. This 

process results in the protection of nucleic acid materials from 

acid hydrolases inside the lysosomes.8,12,13,19,25 To measure 

the buffering capacity of PEI and its derivatives following 

modification, an acid–base titration was performed and the 

buffering capacity was illustrated by plotting the pH versus 

the added acid. The polymers with higher buffering capacity 

needed larger amounts of HCl for the alteration of their pH. 

Figure 2 shows that the unmodified LMW PEI had substantial 

buffering capacity over almost the whole pH range. As shown 

in Figure 2, the conjugation of succinic acid on the structure 

of LMW PEI decreased the buffering capacity, whereas the 

subsequent conjugation of LMW PEI to PEI-SUC conjugate 

drastically increased the buffering capacity to considerably 

more than that of parent unmodified LMW PEI. This could 

be the effect of high amine content of the PEI-SUC-PEI 

conjugate.12 Reduction of buffering capacity following the 

hydrophobic modification of various PEI molecules has 

been reported in several previous investigations.13,19–23,25 This 

decrease is highly associated with the conjugation strategies 

used for the grafting of various moieties on PEI structure. 

Since majority of conjugation methods lead to the conver-

sion of the surface primary amines to the secondary ones, the 

buffering capacity of the conjugates decreases. The buffering 

capacity of PEI at the pH range of 9–11 is highly attributed 

to the primary and secondary amines with the reported pKa 

values of 8–9, whereas the buffing capacity in the pH range 

of 5.5–7 is attributed to the tertiary amines with the pKa 

values of 6–7. It is supposed that the critical pH range of 

the endosomal compartment is around 5.5–7 which acts as a 

driving force for osmotic burst mechanism by which swelling 

and disruption of the endosomal/lysosomal membranes lead 

to the early escape of polyplexes.40 It is obvious that PEI-

SUC-PEI derivative exhibited the highest buffering capacity 

in the critical pH range.

Binding affinity of PEI derivatives to 
pDNA
Nucleic acid compaction by polycationic compounds is a com-

mon process that occurs inside the cell’s nucleus which in turn 

causes DNA packaging. A similar process occurs following 

the electrostatic interaction between positively charged 

polymers and negatively charged backbone of pDNA. The 

outcome of this interaction is the formation of nano-sized 

complexes, namely, polyplexes. The formation of such 

nanostructures is a prerequisite step in polymer-based gene 

delivery.41 To measure the binding strength of PEI and its 

derivatives to pDNA, EtBr exclusion assay was performed. 

This technique is based on the addition of PEI to the pDNA 

solution which in turn leads to the exclusion of EtBr from 

the base pairs of the plasmid and consequently the decrease 

in fluorescence intensity. In other words, polymers with 

Figure 2 Measurement of the buffering capacity.
Notes: Titration curves for aqueous solutions (0.4 mg/mL) of unmodified PEI and 
its derivatives, PEI-SUC and PEI-SUC-PEI, with 1 M HCl from pH 12 to 2. Solutions 
were adjusted to pH 12 with 1 M NaOH, then a series of 5 mL aliquots of 1 M HCl 
were added with stirring and the pH measured after each addition. Water has been 
included as a control.
Abbreviations: PEI, polyethylenimine; PEI-SUC, PEI-succinate conjugate; PEI-SUC-
PEI, PEI-succinate-PEI conjugate.
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higher affinity to pDNA decrease the fluorescence intensity 

at lower concentrations than that of higher concentrations. 

Figure  3A shows the results of fluorescence quenching 

analysis. According to the results, all the PEI derivatives 

were able to efficiently interact with pDNA. As shown in 

Figure 3A, at a C/P ratio of $2, all the polycationic com-

pounds decreased the fluorescence intensity by at least 70%. 

The pattern in the reduction of fluorescence intensity of 

PEI and its derivatives was similar. However, at the lowest 

C/P ratio tested (C/P=0.25), unmodified PEI decreased the 

fluorescence intensity by around 60%, whereas PEI-SUC 

conjugate decreased the fluorescence intensity by around 

35%. However, PEI-SUC-PEI polymers were able to 

decrease the fluorescence intensity to 54%. By the addition 

of more polymers, sufficient positive charge was provided 

to condense pDNA. The full condensation of pDNA was 

not observed at C/P ratio of 0.25. It seems that the complete 

condensation of nucleic acid material occurs while the 

polycations with high amine content result in the formation 

of complexes by “wraparound” of pDNA. However, polyca-

tions with lower amine content induce simple electrostatic 

interaction between the positively charged amines and the 

negatively charged backbone of the nucleic acid materi-

als. In this study, the complexes formed by the interaction 

between PEI-SUC-PEI conjugate and pDNA at the C/P ratio 

of 0.25 could be considered as looser complex with lower 

protection effect, whereas the complexes formed by the PEI-

SUC-PEI derivative at higher C/P ratios induced full conden-

sation. At the highest C/P ratio of 8, all the polymers were 

able to decrease the fluorescence intensity to around 25%. 

The attachment of LMW PEI onto the PEI-SUC structure 

resulted in the formation of PEI derivatives showing higher 

affinity for pDNA than that of unmodified parent polymer. 

This observation is consistent with the previous studies in 

which increase in the content of amine in the polymer and 

its charge density led to the formation of tighter complexes 

than that of unmodified parent polymer.11,14,19,24,25 Based 

on our results, the polymers with the highest affinity for 

pDNA binding were also the most effective at gene transfer 

experiments (“vide infra”). Although there are some reports 

suggesting that facilitation of dissociation of pDNA from 

its carrier (vector unpackaging) is an effective strategy to 

improve gene transfer efficiency of the polymers.17 Our data 

demonstrated that the most powerful polymers in pDNA 

condensation were the most effective ones in gene delivery. 

Hence, the dissociation of polyplexes will not necessarily 

lead to high transfection efficiency as this phase is not the 

rate-limiting step in the whole process of polycation-based 

gene delivery.

Gel retardation assay
Electrostatic interaction between polycationic polymers and 

pDNA resulted in the retardation of plasmid migration during 

gel agarose electrophoresis. As illustrated in Figure 3B, all 

the polyplexes prepared either by PEI-SUC or by PEI-SUC-

PEI derivatives fully condensed the pDNA at C/P ratios $4, 

whereas the lowest C/P ratio tested (C/P=0.25) resulted in 

the weakest interaction between the polymer and pDNA 

than that of higher C/P ratios. This observation is consistent 

with the results obtained by EtBr quenching assay in which 

the weakest condensation was associated with the lowest C/P 

ratio tested in this study (C/P=0.25).

Figure 3 Binding affinity of pDNA with PEI conjugates.
Notes: (A) Ethidium bromide exclusion assay was performed by fluorescence quenching when ethidium bromide is prevented from intercalation in pDNA by polycation 
binding in HBG buffer. (B) Gel retardation assay at various C/P ratios.
Abbreviations: pDNA, plasmid DNA; PEI, polyethylenimine; PEI-SUC, PEI-succinate conjugate; PEI-SUC-PEI, PEI-succinate-PEI conjugate; HBG, HEPES buffered glucose solution; 
C/P, carrier to plasmid ratio.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5564

Nouri et al

Particle size and zeta potential 
measurements
The electrostatic interaction between positively charged 

polycations and negatively charged plasmid leads to the 

formation of complexes with a desirable surface charge 

which plays a key role in polymer-induced toxicity as well as 

gene transfer ability. Having demonstrated that PEI-SUC 

and PEI-SUC-PEI derivatives can interact with the pDNA 

and form complexes, the polyplexes were formed at their 

optimum C/P ratio in which the highest level of transgene 

expression was achieved (C/P=8). Their particle size and 

zeta potential were measured using dynamic light scattering 

and laser Doppler velocimetry, respectively (Figure 4). 

According to the results, the unmodified LMW PEI formed 

nanoparticles with a size of 137 nm, whereas PEI-SUC con-

jugate resulted in the formation of larger polyplexes with 

a size of 192 nm. However, coupling PEI-SUC conjugate 

to LMW PEI led to the formation of smaller nanoparticles 

with a size of 128 nm. These findings were in good agree-

ment with previous studies in which the conjugation of 

alkyl moieties on PEI structure led to the formation of larger  

nanoparticles.13,17,19,22,24,25,42 These substituted groups alter the 

surface interaction between the polymer and plasmid. As LMW 

PEI was coupled to the PEI-SUC structure, the primary amine 

density and consequently the net positive charge increased, 

which led to the formation of complexes with smaller size 

(128 nm). To assess the stability of particle size during the 

experiment, the particle size was measured 2 h after the 

preparation of polyplex. According to the results, there was 

no significant increase in the size of complexes showing the 

relative stability of polyplexes during experiments.

The results of laser Doppler velocimetry revealed that 

the conjugation of succinic acid onto the structure of PEI 

led to the formation of polyplexes with lower surface charge 

density than that of unmodified parent polymer (P,0.05). 

As expected, by the attachment of LMW PEI to the PEI-SUC 

structure the net positive charge of the complexes increased to 

values even higher than that of the unmodified PEI polymer 

(Figure 4). As demonstrated in Figure 4, in unmodified LMW 

PEI and PEI-SUC, the zeta potential decreased from 14 mV 

to 6 mV, respectively, which further increased to 23 mV 

for PEI-SUC-PEI (P,0.05). The increased value of zeta 

potential of PEI-SUC-PEI derivatives is associated with the 

elevated primary amine content of the polymer. Furthermore, 

high amine content of the polymer provides enough positive 

charge on the polyplexes, thereby preventing aggregation 

by electrostatic repulsion between the positively charged 

complexes. These polyplexes will be able to interact elec-

trostatically with the negatively charged components on the 

cell surface facilitating their cell entry.24

Resistance of pDNA against DNase I 
degradation
The free pDNA is highly susceptible to degradation by various 

enzymes including serum nucleases. Therefore, the formation 

of compact nanoparticles not only condenses pDNA but also 

protects it against enzymatic digestion. The protective ability 

of PEI derivatives was evaluated using DNase I as a model 

enzyme and the integrity of the loaded plasmids following 

the enzyme treatment was demonstrated by agarose gel 

electrophoresis. As presented in Figure 5, all the polyplexes 

at the lowest C/P ratio of 0.25 could not optimally protect 

the pDNA from digestion by the enzyme, whereas higher 

Figure 4 Particle size and zeta potential of the polyplexes.
Note: The nanoparticles were formed with PEI and its conjugates in HBG buffer 
at C/P=8.
Abbreviations: C/P, carrier to plasmid ratio; LMW, low molecular weight; 
PEI, polyethylenimine; PEI-SUC, PEI-succinate conjugate; PEI-SUC-PEI, PEI-succinate-
PEI conjugate; HBG, HEPES buffered glucose solution.
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Figure 5 DNase I protection assay.
Notes: The polyplexes were prepared at C/P ratios of 0.25, 4, and 8 and mixed with 
1 mL of DNase I enzyme or PBS followed by the addition of EDTA and mixing with 
SDS. Finally, agarose gel electrophoresis was performed to visualize the location of 
the plasmid bands.
Abbreviations: C/P, carrier to plasmid ratio; PEI, polyethylenimine; PEI-SUC, PEI-
succinate conjugate; PEI-SUC-PEI, PEI-succinate-PEI conjugate.
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C/P ratios of 4 and 8 resulted in a remarkable protective 

effect. This observation is consistent with the results obtained 

in EtBr exclusion assay and gel retardation experiment. 

It could be concluded that full condensation of pDNA by 

polycationic carriers is a necessity for their substantial 

protection. However, it has been demonstrated in previous 

studies that the full condensation of nucleic acid materials by 

polycations may not necessarily lead to the complete protec-

tion effect against enzyme digestion.9 This behavior might be 

associated with the other polyplex properties, such as particle 

size, zeta potential, or the particle shape. Loose complexes 

are formed by the electrostatic interactions between the 

polycations and pDNA. It would presumably result in the 

exposure of more pDNA segments on the exterior parts of 

the nanoparticles which causes increased susceptibility of 

pDNA to enzyme degradation. However, tight complexes 

are formed by wraparound of pDNA leading to the more 

protective effects.8–13 As the concentration of nuclease in 

animal or human body is lower than that of DNase I used in 

this study (0.25 units), the administration of the polyplexes 

even at a C/P ratio of 0.25 might lead to protection at the 

physiological condition.38,43,44

Biological studies
Cytotoxicity
The cytotoxicity of PEI/pDNA polyplexes at different C/P 

ratios was evaluated in SH-SY5Y cell line in 96-well plates 

using MTT colorimetric assay. Cytotoxicity of different PEI 

conjugates was compared with that of nanoparticles prepared 

from unmodified 1,800 Da branched PEI at the same C/P ratio 

(Figure 6A). At the lowest C/P ratio tested, all the unmodi-

fied and modified PEI derivatives were almost non-toxic. 

By increasing C/P ratios from 0.25 to 8, the cell survival of 

the cells treated with PEI-SUC-PEI derivatives decreased 

from 98% to 85%. Similarly, no significant decrease in the 

cell viability was observed for the cell treated either with PEI-

SUC or unmodified PEI polyplexes (P.0.05). In other words, 

PEI-SUC-PEI polyplexes induced more cytotoxicity, particu-

larly at higher C/P ratios. This observation is consistent with 

the fact that PEI-SUC-PEI conjugates contain more amine and 

positive charge density on their surfaces. According to some 

previous studies, the main factor determining the toxicity 

of polycationic polymers is the positive charge density of the 

polymer which causes the electrostatic interaction with the 

negatively charged components of the cell membrane. These 

interactions lead to membrane perturbation and finally cell 

death.45,46 A two-stage cytotoxicity mechanism has been 

defined for PEI-based polyplexes. According to this, the inter-

action of positively charged polyplexes with the negatively 

charged components on the plasma membrane results in the 

perturbation of cell membrane. These necrotic-like changes 

occur within 30 min followed by the apoptotic program 

induced by the formation of channels in the outer membrane 

of mitochondria and causes the release of cytochrome c and 

finally the activation of caspase 3 which occur 24 h later.45 

The positive charge of polycationic polymers is crucial for 

their role in gene delivery;47 however, this charge density 

must be modulated to achieve a polyplex with improved char-

acteristics. Based on the results obtained in our study, cross-

linking LMW PEI molecules through a succinic acid linker 

increased the positive charge of the final conjugate; however, 

cytotoxicity of this new derivative was less than 15%. 

According to our previous studies, the cell viability for the 

polyplexes prepared by unmodified 25 kDa PEI at a C/P ratio 

Figure 6 Cellular toxicity and transfection efficiency.
Notes: Viability and gene transfer ability of unmodified and modified PEI derivatives complexed with pDNA encoding CD200 gene at polymer:plasmid (weight:weight) ratios 
of 0.25, 4, and 8 determined in triplicate in SH-SY5Y cell cultures in 96-well plates. (A) Cell survival was assayed by the MTT method, and expressed as the percentages of 
cell viability. (B) CD200 expression level measured by flow cytometry. *P,0.05, PEI derivative compared to unmodified parent polymer at the same C/P ratio. (n=3; error 
bars represent mean ± standard deviation).
Abbreviations: C/P, carrier to plasmid ratio; pDNA, plasmid DNA; PEI, polyethylenimine; PEI-SUC, PEI-succinate conjugate; PEI-SUC-PEI, PEI-succinate-PEI conjugate.
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of 8 was around 40%,48 whereas cell survival following the 

treatment of cells with PEI-SUC-PEI polyplexes was around 

85%. This result demonstrates that the modulation of positive 

charge density is still the most effective strategy to achieve 

PEI-based gene transfer with low toxicity.

In vitro gene transfer experiments
The immune privilege status of CNS results from a highly 

well-balanced anti-inflammatory microenvironment within 

the system. The wide, but not a ubiquitous expression of 

CD200 on the surface of various cells suggests that this 

membrane glycoprotein regulates myeloid cell activity in 

different cells and organs.33,34 As it has been proved that 

CD200 suppresses immune activity through its receptor 

(CD200R), the role of the interaction between CD200 and 

CD200R has been highlighted not only in Alzheimer and 

Parkinson diseases but also in MS.34,36,37 The susceptibility 

of CD200 deficient mice to several inflammatory diseases 

including MS has been found to increase, which is highly 

associated with the activation of microglia.36,37 However, 

great attention has been directed to gene therapy as a new 

paradigm in the treatment of various complicated diseases 

including MS. Furthermore, the selection of immunotherapy 

as the breakthrough of the year for 2013 has encouraged many 

types of research to utilize this method in addition to various 

other conventional treatments.49 CD200 creates an immune-

privileged environment in the CNS and can downregulate the 

immune responses by binding to CD200R, which causes the 

downregulation of CD200–CD200R in neuroinflammatory 

diseases such as MS. In addition, CD200 has the potential in 

gene therapy, thus we hypothesized that the delivery of the 

plasmid encoding CD200 gene using a non-toxic polymer-

based nanoparticle could be an effective route to increase the 

expression of CD200 in target cells. In this study, transfection 

efficiency of the polyplexes based on cross-linked LMW PEI 

was evaluated on SH-SY5Y cells using the plasmid pCMV-

XL5-hCD200. The transfection experiments were performed 

using the polyplexes at C/P ratios (w/w) of 0.25, 4, and 8 and 

compared to the unmodified LMW PEI at the same C/P ratios. 

The result of CD200 expression (Figure 6B) demonstrated 

that the unmodified LMW PEI even at highest C/P ratio of 8 

could not increase the expression level of CD200, whereas 

the level of CD200 in the cells treated with PEI-SUC-PEI 

nanoparticles increased to 92%. In other words, treatment 

of cells with PEI-SUC-PEI polyplexes enhanced the expres-

sion of CD200 by up to around 1.5 fold relative to unmodi-

fied LMW PEI (P,0.05). A similar trend was observed 

in the mRNA level where the highest level of mRNA was 

achieved by PEI-SUC-PEI nanoparticles at a C/P ratio of 8 

(data not shown). One of the most probable reasons for the 

elevated gene transfer ability of the PEI derivative is the 

improved hydrophobic–hydrophilic balance of the new 

conjugate. There are several studies that have reported the 

effect of hydrophobic modification of various PEI deriva-

tives in increasing their transfection efficiency.13,17,19,24,25,32,44,48  

These modifications result in more efficient interaction of 

the polymer with cell membrane which in turn led to cell 

entry. Furthermore, greater buffering capacity of the modi-

fied PEI derivative could be an explanation for improved 

transfection efficiency.11 As these PEI derivatives exhibited 

higher buffering capacity in the endosomal pH range than 

that of unmodified polymer, they may be responsible for 

early escape from endosomes resulting in higher transfec-

tion efficiency. However, high transfection efficiency can 

be achieved not only by higher buffering capacity but also 

by an optimal size, zeta potential, plasmid’s condensation 

ability, stability against enzymatic degradation, and with 

improved low toxicity.

Fluorescent microscopy and in vivo 
imaging in mouse model of MS
To evaluate the systemic circulation of the nanoparticles and 

their potential to cross the BBB, a mouse model (cuprizone 

model) of MS was prepared as described elsewhere.39 

Following the confirmation of the efficacy of this model of 

toxic demyelination in the CNS, the polyplex formulations 

were injected followed by imaging the animal at 0, 15, 30, 

60, 120, 180 min, and 24 h post injection. Figure 7 shows 

the distribution of the fluorescently labeled plasmid encoding 

CD200 from the injection site to the various tissues and organs 

including the lymph nodes, liver, brain, and finally kidneys. 

Mouse imaging after 24 h post injection demonstrated that 

all the injected nanoparticles have been cleared over this 

period of time. According to the previous investigation, the 

polyplexes formed from LMW PEI accumulated in the liver, 

kidney, and spleen 2 h post injection.26 Although the experi-

ment to detect organ distribution of the nanoparticles was 

performed just for 2 h, their results demonstrated some differ-

ences between the behavior of LMW PEI and high molecular 

weight PEI in organ accumulation. The accumulation of 

LMW PEI in the kidneys was found to be significantly higher 

than that of high molecular weight PEI.26 This is consistent 

with our results showing that the polyplexes were removed 

from the body 24 h post injection. Furthermore, we performed 

fluorescent microscopy to visualize the presence of labeled 

nanoparticles in the CNS. As illustrated in Figure 8, no 

fluorescence was detected in the control group (Figure 8A), 

whereas the polyplexes were able to cross the BBB and enter 
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the periventricular area (Figure 8B–D). Our results showed 

that the fluorescent nanoparticles crossed the BBB in the 

mouse model of MS. Although it is unlikely for unmodified 

PEI to transport across the BBB following the intravenous 

administration, the more probable reason for the presence of 

PEI derivatives inside the brain tissue could be the improved 

membrane biophysical properties of the PEI conjugates 

created by the conjugation of alkyl chains on the parent PEI 

Figure 7 In vivo imaging of MS induced mice using fluorescently labeled plasmid encoding CD200 at C/P ratio 8.
Notes: Mice were injected with the final volume of 100 μL of the polyplex formulation. (A) The control mice received 100 μL of HBG buffer. (B–I) Mice were injected with 
the polyplexes and imaging was performed at the time points of 0, 15, 30, 60, 120, 180 min and 24 h post injection. Magnification ×10.
Abbreviations: C/P, carrier to plasmid ratio; MS, multiple sclerosis; HBG, HEPES buffered glucose.

Figure 8 Fluorescent microscopy of the brain tissue.
Notes: (A) Normal brain tissue in control group. (B–D) Fluorescent polyplexes in periventricular area. (A–C) Magnification ×100. (D) Magnification ×400.
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molecules.50 Therefore, these polyplexes are expected to be 

used in our future studies aimed at developing CNS-targeted 

gene delivery systems.

Conclusion
Cross-linking LMW PEI using succinic anhydride yielded 

nanocarriers with optimal transfection efficiency to transfer 

the plasmid encoding CD200 gene, which is more powerful 

than those of unmodified LMW PEI. Furthermore, these 

nanocarriers showed the ability to cross BBB making them 

as a potential candidate for further investigations to create 

CNS-targeted delivery systems.
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