
© 2014 Liang et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution – Non Commercial (unported, v3.0)  
License. The full terms of the License are available at http://creativecommons.org/licenses/by-nc/3.0/. Non-commercial uses of the work are permitted without any further 

permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at: http://www.dovepress.com/permissions.php

International Journal of Nanomedicine 2014:9 419–435

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
419

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/IJN.S51919

An efficient nonviral gene-delivery vector based 
on hyperbranched cationic glycogen derivatives

Xuan Liang1,*

Xianyue Ren2,*

Zhenzhen liu1

Yingliang Liu1

Jue Wang2

Jingnan Wang2

Li-Ming Zhang1

David YB Deng2

Daping Quan1

Liqun Yang1

1Institute of Polymer Science, 
School of Chemistry and Chemical 
Engineering, Key Laboratory of 
Designed Synthesis and Application of 
Polymer Material, Key Laboratory for 
Polymeric Composite and Functional 
Materials of Ministry of Education, 
Sun Yat-Sen University, Guangzhou, 
People’s Republic of China; 2research 
Center of Translational Medicine, 
The First Affiliated Hospital, Sun Yat-
Sen University, Guangzhou, People’s 
Republic of China

*Both these authors contributed 
equally to this work

Correspondence: Liqun Yang 
School of Chemistry and  
Chemical Engineering, Sun Yat-Sen  
University, 135 Xingang Xi Road,  
Guangzhou, Guangdong 510275,  
People’s Republic of China 
Tel +86 20 8411 0934 
email yanglq@mail.sysu.edu.cn 
 
Correspondence: David YB Deng 
research center of Translational  
Medicine, The First Affiliated Hospital,  
Sun Yat-Sen University, Guangzhou  
510080, People’s Republic of China 
Tel 8775 5766 
email dengyub@mail.sysu.edu.cn

Background: The purpose of this study was to synthesize and evaluate hyperbranched cationic 

glycogen derivatives as an efficient nonviral gene-delivery vector.

Methods: A series of hyperbranched cationic glycogen derivatives conjugated with 

3-(dimethylamino)-1-propylamine (DMAPA-Glyp) and 1-(2-aminoethyl) piperazine (AEPZ-

Glyp) residues were synthesized and characterized by Fourier-transform infrared and hydrogen-1 

nuclear magnetic resonance spectroscopy. Their buffer capacity was assessed by acid–base 

titration in aqueous NaCl solution. Plasmid deoxyribonucleic acid (pDNA) condensation ability 

and protection against DNase I degradation of the glycogen derivatives were assessed using 

agarose gel electrophoresis. The zeta potentials and particle sizes of the glycogen derivative/

pDNA complexes were measured, and the images of the complexes were observed using atomic 

force microscopy. Blood compatibility and cytotoxicity were evaluated by hemolysis assay 

and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay, respectively. 

pDNA transfection efficiency mediated by the cationic glycogen derivatives was evaluated by 

flow cytometry and fluorescence microscopy in the 293T (human embryonic kidney) and the 

CNE2 (human nasopharyngeal carcinoma) cell lines. In vivo delivery of pDNA in model animals 

(Sprague Dawley rats) was evaluated to identify the safety and transfection efficiency.

Results: The hyperbranched cationic glycogen derivatives conjugated with DMAPA and AEPZ 

residues were synthesized. They exhibited better blood compatibility and lower cytotoxicity 

when compared to branched polyethyleneimine (bPEI). They were able to bind and condense 

pDNA to form the complexes of 100–250 nm in size. The transfection efficiency of the 

DMAPA-Glyp/pDNA complexes was higher than those of the AEPZ-Glyp/pDNA complexes 

in both the 293T and CNE2 cells, and almost equal to those of bPEI. Furthermore, pDNA 

could be more safely delivered to the blood vessels in brain tissue of Sprague Dawley rats by 

the DMAPA-Glyp derivatives, and then expressed as green fluorescence protein, compared 

with the control group.

Conclusion: The hyperbranched cationic glycogen derivatives, especially the DMAPA-Glyp 

derivatives, showed high gene-transfection efficiency, good blood compatibility, and low 

cyto toxicity when transfected in vitro and in vivo, which are novel potential nonviral gene 

vectors.

Keywords: glycogen, blood compatibility, cytotoxicity, gene delivery

Introduction
Gene therapy is considered a promising method to cure various diseases, such 

as cancer, diabetes, and genetic and autoimmune diseases.1 Although significant 

advances have been made in this research area, progress has been limited by the 

difficulties associated with delivery of negatively charged gene molecules into 
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cells, because of their bulky volume and repulsion by the 

cell membranes. Furthermore, gene molecules are readily 

degraded by nuclease enzymes in the blood and cells. With 

this in mind, successful gene therapy would rely heavily on 

the development of effective gene-delivery vectors with 

high transfection efficiency and minimal cytotoxicity.2 

Nonviral gene-delivery vectors, especially cationic poly-

mers and liposomes, have attracted much attention in gene 

therapy. Recent work has established that the architecture of 

cationic polymers affects the stability, delivery, and trans-

fection efficiency of their complexes with deoxyribonucleic 

acid (DNA).3–8 In contrast to linear cationic polymers, 

hyperbranched cationic polymers exhibit higher levels of 

gene expression, probably because of the following two 

factors: 1) they present compact and globular structures 

in combination with a significant number and variety of 

different amine groups, which are advantageous for the 

binding and condensation of DNA into compact particles, 

resulting in improved protection and endocytosis of DNA;4–7 

and 2) they exhibit better proton-buffer capacity, which is 

beneficial for the escape of DNA from endosomes.4,8 Syn-

thetic hyperbranched cationic polymers, however, such as 

branched polyethyleneimine (bPEI) and poly(amidoamine) 

(PAMAM) dendrimers, are still associated with cytotoxicity, 

biocompatibility, and biodegradability issues, which need 

to be overcome to allow for in vivo application.9,10

Natural polysaccharides, due to their outstanding non-

toxicity, good biocompatibility and biodegradability, and 

molecular diversity for chemical modification, have received 

increasing attention as gene-delivery vectors.11 Following 

amination, various cationized polysaccharide derivatives have 

been designed and synthesized as gene-delivery vectors, with 

high transfection efficiency.3,11–18 Glycogen is a storage form 

of glucose that occurs predominantly in the liver and skeletal 

muscles of mammalian and shellfish species.19 It is a natural 

hyperbranched polysaccharide with high weight-average 

molecular weight: about 106–107 g/mol.20,21 The individual 

linear chains of glycogen are composed of between ten and 

14 glucose residues on average, with approximately one 

branching point for every ten glucose residues.19 Glycogen 

consists of a protein core and approximately 30,000 glucose 

units forming the branch-on-branch topological structure.22 

Further studies have shown that glycogen exhibits a spherical 

and particular compact conformation with densely branched 

chains in aqueous solutions.20

Since glycogen comes from animals, good biocompatibil-

ity of glycogen derivatives is anticipated, which will be advan-

tageous for gene therapy, such as for ischemic stroke. In this 

work, hyperbranched cationic glycogen derivatives  conjugated 

with 3-(dimethylamino)-1-propylamine (DMAPA) and 1-(2-

aminoethyl) piperazine (AEPZ) residues were synthesized 

(Figure 1), and evaluated for their potential as nonviral gene-

delivery vectors. The formation process of cationic glycogen 

derivative/plasmid DNA (pDNA) complexes was character-

ized using agarose gel electrophoresis, zeta potential analysis, 

and atomic force microscopy (AFM). Blood compatibility 

and cytotoxicity were evaluated using the hemolysis assay 

and the 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium 

bromide (MTT) assay, respectively. pDNA transfection effi-

ciency mediated by the cationic glycogen derivatives was 

evaluated by flow cytometry and fluorescence microscopy in 

the 293T (human embryonic kidney) and the CNE2 (human 

nasopharyngeal carcinoma) cell lines. In vivo delivery of 

pDNA in model animals (Sprague Dawley rats) was evaluated 

to identify safety and transfection efficiency.

Materials and methods
Materials
Glycogen (from oysters), Triton X-100, ethidium bromide, 

DNase I, MTT, Hoechst 3334, and bPEI (25 kDa) were 
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Figure 1 Synthesis of the hyperbranched cationic glycogen derivatives conjugated with 3-(dimethylamino)-1-propylamine (DMAPA) and 1-(2-aminoethyl) piperazine (AEPZ) 
residues.
Abbreviation: cDI, N,N'-carbonyldiimidazole.
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purchased from Sigma-Aldrich (St Louis, MO, USA). N,N′- 
carbonyldiimidazole (CDI), DMAPA, AEPZ, and dimethyl 

sulfoxide (DMSO) were acquired from Aladdin Reagent 

(Shanghai, People’s Republic of China). DMSO was dried for 

1 week prior to use by soaking in molecular sieves and calcium 

hydride. Fetal bovine serum (FBS), Dulbecco’s  Modified 

Eagle’s Medium (DMEM), penicillin-streptomycin, and trypsin 

were purchased from Life Technologies (Carlsbad, CA, USA). 

The reporter pDNA, plasmid enhanced green fluorescent pro-

tein (GFP)-N1 (4.7 kb), was supplied by Promega (Fitchburg, 

WI, USA). All of the other reagents were purchased as analyti-

cal grade and used without further purification.

Synthesis and characterization  
of hyperbranched cationic  
glycogen derivatives
DMAPA and AEPZ were introduced to the hydroxyl groups 

of glycogen according to the CDI activation method.3,12 

 Glycogen (0.62 mmol glucose units, 0.1000 g) was dissolved 

in 10 mL of anhydrous DMSO, and subsequently activated 

by the addition of CDI (5.58 mmol, 0.9045 g). The resulting 

mixture was then stirred for 1 hour in a nitrogen atmosphere 

at room temperature. DMAPA or AEPZ was added to the 

glycogen reaction solution according to the listed amounts 

(Table 1). The reaction was allowed to proceed for 24 hours 

in a nitrogen atmosphere at room temperature. The reaction 

solution was then dialyzed against the distilled water in a 

dialysis bag (molecular weight cutoff 14,000) for 3 days and 

lyophilized to yield the solid products, which were subse-

quently named DMAPA-Glyp and AEPZ-Glyp.

Fourier-transform infrared (FTIR) measurements were 

performed with a Nicolet/Nexus 670 FTIR analyzer (Thermo 

Fisher Scientific, Waltham, MA, USA) at a resolution of 

4 cm−1 using the KBr method. Hydrogen-1 nuclear magnetic 

resonance (1H NMR) analysis was carried out on a Varian 

Mercury Plus 300 NMR spectrometer (Varian, Palo Alto, 

CA, USA) at 35°C using deuterated water as the solvent. The 

signal at δ 4.67 ppm for single-deuterated water was used as 

the internal standard.23 The degree of substitution (DS) of the 

oligoamine residues on the glycogen, defined as the number 

of oligoamine residues per glucose unit of glycogen, was 

determined by the integration of the resonance signal for the 

protons of the oligoamine residues and H1 of the glycogen.

DMAPA-Glyp: FTIR: 3,325 cm−1 (ν−OH
), 2,819 

and 2,776 cm−1 (ν−N(CH3)2
), 1,709, 1,546 and 1,265 cm−1 

(ν−C=O
, δ−NH−, and ν−C−N

 of carbamate groups), 1,459 cm−1 

(deformation vibration of −CH
2
− and −CH

3
 groups of 

DMAPA  residues), 1,153 and 1,036 cm−1 (ν−C−O−C− of 

glycogen); 1H NMR (D
2
O, ppm): 5.30 (glucose unit, H1), 

4.50–3.50  (glucose unit, H2−H6), 3.10 (−CONH−CH
2
−), 

2.34 (−CH
2
−N,), 2.18 (−N[CH

3
]

2
), and 1.63 (−CH

2
−).18 

DS =0.6, 1.5, 2.1, 2.5, and 2.8.

AEPZ-Glyp: FTIR: 3,390 cm−1 (ν−OH,
 ν−NH−), 2,824 cm−1 

(ν−N(CH2)2
), 1,709, 1,542, and 1,252 cm−1 (ν−C=O,

 δ−NH− and 

ν−C−N
 of carbamate groups), 1,446 cm−1 (deformation 

vibration of −CH
2
− groups of AEPZ residue), 1,144 and 

1,027 cm−1 (ν−C−O−C− of glycogen); 1H NMR (D
2
O, ppm): 

5.30 (glucose unit, H1), 4.50–3.50 (glucose unit, H2–H6), 

2.80 (−CH
2
−N, of ring), and 2.47 (−CH

2
−NH− of ring).24 

DS =0.25, 0.29, and 0.35.

Hemolysis assay
The hemolytic activities of the cationic glycogen derivatives 

and bPEI were investigated according to a method previ-

ously published in the literature.25 Sprague Dawley (SD) 

rats (weighing between 100 and 120 g) were provided by the 

Center of Experimental Animals of Sun Yat-sen University 

and approved by the University Animal Study Committee. 

The erythrocytes were isolated from the blood of the SD rats 

by centrifugation at 111.8 × g for 5 minutes and were washed 

in 0.9% NaCl solution until the supernatant was clear. Then, 

the erythrocytes were diluted in a 0.9% NaCl solution to 

5×109 cells/mL. The obtained suspension (100 µL) was 

incubated with 1 mL of the solution of glycogen derivatives 

and bPEI at different concentrations (16–500 µg/mL) at 

37°C for 90 minutes. Following centrifugation at 111.8 × g 

for 5 minutes, the supernatant was applied to a 96-well 

plate, and hemoglobin release was measured as the absor-

bance at 560 nm using a microplate reader (Wellscan MK3; 

 Labsystems Dragon, Helsinki, Finland). A negative control 

solution (0% hemolysis) was prepared by adding a 0.9% 

NaCl solution to the erythrocyte suspension, and a positive 

Table 1 Amounts of added oligoamines for synthesis of the 
cationic glycogen derivatives and their degrees of substitution

Samplea DMAPA  
(mmol, g)

AEPZ  
(mmol, g)

DSb

DMAPA-Glyp-0.6 3.1, 0.3168 – 0.6
DMAPA-Glyp-1.5 6.2, 0.6335 – 1.5
DMAPA-Glyp-2.1 18.6, 1.9005 – 2.1
DMAPA-Glyp-2.5 27.9, 2.8508 – 2.5
DMAPA-Glyp-2.8 37.2, 3.8011 – 2.8
AEPZ-Glyp-0.25 – 6.2, 0.8024 0.25
AEPZ-Glyp-0.29 – 12.4, 1.6049 0.29
AEPZ-Glyp-0.35 – 22.1, 2.857 0.35

Notes: aThe numbers following DMAPA-Glyp and AEPZ-Glyp are the DS values; 
bdegree of substitution.
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) 
piperazine; Glyp, glycogen; DS, degree of substitution.
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control solution (100% hemolysis) was prepared by add-

ing 10% Triton X-100 to the erythrocyte suspension. The 

hemolysis rate was calculated according to the following 

equation:

 Hemolysis rate (%) = (A − A
0
)/(A

100
 − A

0
) × 100 (1)

where A, A
0
, and A

100
 represent the absorbance values of the 

hemoglobin released solution incubated with the polymers 

and the values of the negative and positive control solutions, 

respectively. All of the samples were analyzed in triplicate. 

The morphology of the erythrocytes was observed on an 

Olympus (Tokyo, Japan) IX71 microscope.

Buffer capacity
The buffer capacity of the cationic glycogen deriva-

tives and bPEI was determined by acid–base titration in 

accordance with procedures previously published in the 

literature.4,16 Each sample solution (0.2 mg/mL) was pre-

pared in 30 mL of an aqueous NaCl solution (0.15 mol/

mL). The sample solutions were initially titrated with 

a 0.1 mol/mL NaOH solution to a pH of 10.0. Known 

volumes of a 0.1 mol/mL HCl solution were then added 

to the mixture to give solutions with different pH values, 

which were measured using a microprocessor pH meter 

(Shanghai Shengke Instrument and Equipment, Shanghai, 

People’s Republic of China).

Preparation of the cationic glycogen  
derivative/pDNa complexes
The cationic glycogen derivatives (10 mg) were dissolved in 

phosphate-buffered saline (PBS; pH 7.4) solution at a con-

centration of 2 mg/mL and then filtered through a membrane 

filter (nominal pore size of 0.22 µm). A stock solution of 

pDNA (250 ng/µL) was prepared in PBS (pH 7.4). A portion 

of pDNA solution (4 µL) was then added to the glycogen 

derivative solutions at different glycogen derivative/pDNA 

weight ratios. The resulting mixtures were then gently agi-

tated for 5 seconds on a vortex agitator before being incubated 

at 37°C for 30 minutes prior to use.

Agarose gel electrophoresis
Electrophoresis was performed to assess pDNA- condensation 

ability of the glycogen derivatives and protection against 

DNase I degradation. pDNA was visualized and  photographed 

using a Gel Doc XR gel image machine (Syngene, 

 Cambridge, UK).

pDNA condensation ability  
of the glycogen derivatives
Twenty microliters of the glycogen derivative/pDNA com-

plexes with different glycogen derivative/pDNA weight ratios 

in the range of 0.1–20 were loaded onto 0.8% agarose gels 

with ethidium bromide (0.1 µg/mL) and run with  Tris-acetate 

running buffer at 90 V for 1 hour. DNA retardation was then 

observed by agarose gel electrophoresis.

Protection against DNase I degradation
DNase I (10 units, 2 µL) was added to 1 µg of naked pDNA 

or glycogen derivative/pDNA complexes (with weight ratios 

of 2, 5, 10, and 20) and incubated at 37°C with shaking at 

100 rpm for 30 minutes. The DNase I degradation process 

was then stopped by the addition of an ethylenediaminetet-

raacetic acid (EDTA) solution (4 µL, 250 mM), and pDNA 

was released following incubation with a heparin solution 

(5 µL, 0.1%, w/v) at 37°C with shaking at 100 rpm over a 

period of 3.5 hours. The samples were loaded onto the gel 

and electrophoresed to examine the integrity of pDNA.

Measurements of zeta potentials  
and particle sizes
Solutions of glycogen derivative/DNA complexes with dif-

ferent weight ratios (2 mL) were prepared in double-distilled 

water to a final concentration of 1.0 µg/mL for pDNA. The 

sample mixtures were gently agitated on a vortex agitator for 

5 seconds before being incubated at 37°C for 30 minutes, 

and then filtered through a membrane filter (nominal pore 

size of 0.45 µm). The particle sizes and zeta potentials of the 

glycogen derivative/pDNA complexes were measured using 

ZetaPALS (Brookhaven Instruments, Holtsville, NY, USA) 

at 25°C with a 90° scattering angle. All of the measurements 

were performed in triplicate.

AFM observations
One milliliter of solutions of pDNA and the DMAPA-Glyp-

2.8/pDNA complex (with weight ratios of 0.3, 0.5, 2, and 20) 

were prepared in the AFM buffer to a final concentration of 

2.5 µg/mL for pDNA. The AFM buffer included Tris-EDTA 

buffer (10 mmol/L Tris-HCl and 1 mmol/L EDTA, pH 8.0) 

and 5 mmol/L MgCl
2
. To successfully image pDNA mol-

ecules and investigate the interactions between pDNA and 

the DMAPA-Glyp-2.8 derivative, pDNA  molecules were 

extended following the methods used in a previous work.26 

The sample solution (20 µL) was dropped on a freshly cleaved 

mica surface and left to stand for 5 minutes. Then, the mica 
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surface was tilted at 45° from level, allowing the solution to 

slide slowly to the bottom edge. The treated mica surface was 

washed with distilled water eight times by the same method. 

The distilled water was then evaporated at room temperature 

under vacuum for 2 weeks. AFM images of 256×256 pixels 

were performed on a MultiMode 8 atomic force microscope 

(Bruker Optics, Billerica, MA, USA) in tapping mode, 

and the images were analyzed using NanoScope software 

(Bruker). Silicon tips (TESP; Bruker) were used with a force 

constant of 40 N/m.

Cytotoxicity assay
Cells from the 293T and CNE2 cell lines were seeded in 

96-well plates at a density of 1×104 cells/well in 200 µL 

DMEM containing 10% FBS and subsequently cultured at 

37°C for 24 hours. The medium was then replaced with a 

fresh serum-free medium, and the solutions of the glyco-

gen derivatives and bPEI at different concentrations were 

added to the culture medium of each well to assess their 

cytotoxicity. In addition, 200 µL of the glycogen derivative/

pDNA complexes with different weight ratios were added 

for the cytotoxicity assay. The content of pDNA was set at 

0.2 µg for each complex. The bPEI and the bPEI/pDNA 

complex were used as the positive controls. After the cells 

were incubated for an additional 24 hours, 20 µL of MTT 

(5 mg/mL) in PBS (pH 7.4) was added to each well to give 

a final concentration of 0.5 mg/mL. The cells were further 

incubated for 4 hours, and DMSO (150 µL) was then added 

to dissolve the formazan crystals formed in the live cells. 

Using a spectrometer, the absorbance values of the samples 

were measured at 560 nm. Cell viability was then calculated 

according to the following equation:

 Cell viability (%) = (A
560–sample

/A
560–control

) × 100 (2)

where A
560–sample

 and A
560–control

 were obtained in the presence 

and absence of the glycogen derivatives, respectively. All of 

the experiments were conducted five times.

In vitro transfection by flow cytometry  
and fluorescence microscopy
Cells from the 293T and CNE2 cell lines were plated in 

24-well plates at a density of 1×105 cells/well in 200 µL 

of DMEM containing 10% FBS and subsequently cultured 

at 37°C for 24 hours. The media were then replaced with 

serum-free media containing the glycogen derivative/

pDNA complexes and the bPEI/pDNA complex at different 

weight ratios, as well as 2 µg of pDNA. The bPEI/pDNA 

complex was used as the positive control, whereas the 

naked pDNA was used as the negative control. Following 

a 4-hour period of incubation, the serum-free media were 

changed with fresh media containing 10% serum. Fol-

lowing a further 36-hour period of incubation, the cells 

were directly observed on a DMI4000B fluorescence 

microscope (Leica Microsystems, Wetzlar, Germany). The 

transfected cells were then washed once with PBS (pH 

7.4) and detached with 0.25% trypsin. Using an FACSAria 

flow cytometer (BD Biosciences, San Jose, CA, USA), the 

gene-transfection efficiency was evaluated by scoring the 

percentage of cells expressing GFP. All of the experiments 

were conducted in triplicate.

Observation of intracellularly  
expressed gFP
The glycogen derivative/pDNA complexes (w/w =20) were 

incubated with cells from the 293T cell line for 4 hours 

under the conditions mentioned earlier. Following a further 

incubation period of 36 hours, the cells were washed with 

PBS (pH 7.4) before being fixed in 4% paraformaldehyde 

for 30 minutes. For the labeling of the nucleus, the fixed 

cells were washed three times with PBS (pH 7.4) before 

being incubated with Hoechst 33342 for 10 minutes. The 

cells were then washed three times with PBS (pH 7.4), and 

the intracellular expression of GFP in the cells was observed 

with an LSM710 confocal microscope (Carl Zeiss Meditec, 

Jena, Germany) equipped with argon (488 nm) and He–Ne 

(543 nm) lasers.

In vivo evaluation of gFP expression
SD rats (weighing 200–250 g) were obtained from the 

 Center of Experimental Animals of Sun Yat-sen University. 

All procedures were approved by the Animal Care and Use 

Committee of Sun Yat-sen University, and in accordance 

with National Institutes of Health’s Guide for the Care and 

Use of  Laboratory Animals. The SD rats were anesthetized 

by intramuscular injection of a 10% chloral hydrate solution. 

Then, an animal model of middle cerebral artery occlusion 

(MCAO) was established. A solution of the DMAPA-Glyp-

2.5/pDNA complex (0.6 mL, w/w =20, a final concentration 

of 50 µg/mL for pDNA) was injected into the carotid by the 

improved catheter method in the experimental groups (n=3). 

The SD rats with MCAO were injected with saline as the 

control group (n=3). On the fifth day, the SD rats were killed 

with a lethal dose of chloral hydrate, and were transcardially 
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perfused with a saline solution, followed by adding 400 mL 

paraformaldehyde (4%) in 0.1 mol/L PBS. The brain tis-

sues were then taken out, fixed overnight in the paraform-

aldehyde solution, and cryoprotected in 30% sucrose. After 

they were embedded in an optimum cutting temperature 

compound, the brain tissues were cut into cryosections of 

4 µm  thickness on a cryostat (Microtome Cryostat HM 550; 

Microm  International, Walldorf, Germany). The cryosections 

were washed three times with PBS before being stained with 

Hoechst 33342 for 10 minutes, and finally the expression of 

GFP in blood vessels of brain tissue was observed with the 

Zeiss LSM710 confocal microscope.

Statistical analysis
Statistical analyses were performed by one-factor analysis of 

variance (SPSS version 13.0; IBM, Armonk, NY, USA). The 

results were expressed as means ± standard deviation, with a 

value of P,0.05 being considered statistically significant.

Results and discussion
Synthesis of hyperbranched  
cationic glycogen derivatives
To form complexes with negatively charged pDNA, the cat-

ionic glycogen derivatives were synthesized under mild con-

ditions by conjugation of DMAPA or AEPZ with the hydroxyl 

groups of glycogen using the conventional CDI activation 

method at room temperature.3,12 From the FTIR spectra shown 

in Figure 2A, it was clear that a strong absorption peak of 

glycogen derivatives at 1,709 cm−1 was different from that of 

glycogen, which could be assigned to the −C=O  vibration 

of the carbamate groups.18  Furthermore, the absorption 

peaks at 1,540–1,550 and 1,250–1,270 cm−1 were attributed 

to the −NH− and C−N vibrations of the carbamate groups, 

respectively.18 These results indicated that the DMAPA or 

AEPZ residues were conjugated to glycogen with carbam-

ate linkages. In the 1H NMR spectra of DMAPA-Glyp and 

AEPZ-Glyp derivatives (Figure 2B), the proton resonance 

peaks at 1.0–3.2 ppm provided further confirmation that 

the oligoamine residues were conjugated with glycogen.18,24 

The DS values of the AEPZ-Glyp derivatives, however, were 

lower than those of the DMAPA-Glyp derivatives (Table 1), 

because of the steric hindrance between the AEPZ residues 

and the glucose units of glycogen.

Blood compatibility analysis
The nonspecific interactions of the cationic polymers with 

components in the blood could severely diminish the half-

life and targetability of complexes, as well as the repro-

ducibility of such therapies.27 The poor stability of these 

delivery vehicles in the blood has therefore been  considered 
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Figure 2 (A) Fourier-transform infrared spectra and (B) hydrogen-1 nuclear magnetic resonance spectra of glycogen and its derivatives: glycogen (a), DMAPA-Glyp-0.6 (b), 
and AEPZ-Glyp-0.35 (c).
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen.
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to be one of the serious limitations in the therapeutic 

 application of cationic polymers.27,28 As shown in Figure 3A 

(a–f), the hemolytic phenomenon was only observed at high 

concentrations of the glycogen derivatives ($250 µg/mL), 

after they were incubated with the erythrocytes. The hemo-

lytic phenomenon became more pronounced, however, in 

the presence of bPEI (Figure 3A [g]), mainly because of the 

erythrocyte membrane disruption. The blood compatibility 

of the cationic glycogen derivatives was further assessed 

by spectrophotometric measurement of hemoglobin release 

from the erythrocytes following the polymer treatment. 

The result indicated that the hemolysis rates for all of the 

glycogen derivatives were less than 9%, suggesting low 

hemolytic activity, because of the good biocompatibility 

of glycogen (Figure 3B). In addition, the hemolysis rates 

of both glycogen derivatives were similar at the lower 

concentration (#63 µg/mL). At the higher concentration 

($125 µg/mL), the hemolysis rates of the DMAPA-Glyp 

derivative groups were gradually higher than those of the 

AEPZ-Glyp derivative groups, and the hemolysis rates gen-

erally increased with increasing DS values. This implied that 

blood compatibility was related to the type and content of 

the oligoamine residues conjugated to each of the different 

glycogen derivatives. The AEPZ-Glyp derivatives, which 

were composed of a low content of ring oligoamine residues, 

exhibited better blood compatibility than the DMAPA-Glyp 

derivatives, which were composed of a high content of lin-

ear high-density tertiary amines. In contrast, bPEI caused 

serious hemolysis in a _concentration-dependent manner. 

The majority of erythrocytes appeared as normal cells in 

the shape of biconcave discs after they were incubated with 

the glycogen derivatives, which showed no obvious change 

compared with those in a 0.9% NaCl solution (Figure S1). 

However, the erythrocytes incubated with bPEI deformed 

and aggregated because of stronger interactions between 

the erythrocytes and bPEI. These results indicated that the 

blood compatibility of the glycogen derivatives was better 

than that of bPEI.

Buffer capacity
PEI and PAMAM are known as “proton-sponge” poly-

mers, which have high buffer capacity over a broad pH 

value. Therefore, they can lead an increase of swelling of 

endocytic vesicles to help DNA complexes escape into 

the cytoplasm, resulting in relatively high gene-transfer 

activity.29,30 This unique property is due to a large number 

of secondary and tertiary amines of the polymers.29,30 The 

buffer capacity of cationic glycogen derivatives in aque-

ous NaCl solution was assessed by acid–base titration. As 

shown in Figure 4, the buffer capability of glycogen was 

improved after being conjugated with oligoamine resi-

dues. The DMAPA-Glyp derivatives (DS .2.0) exhibited 

significantly higher buffer capability than the AEPZ-Glyp 

and DMAPA-Glyp-1.5 derivatives, owing to their differ-

ent type and content of oligoamine residues. However, the 

glycogen derivatives exhibited lower buffer capability than 

bPEI, due to the presence of relatively fewer amine groups 

on the derivatives.
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Figure 3 (A) Visual observation of hemolysis caused by AEPZ-Glyp-0.25 (a), AEPZ-Glyp-0.29 (b), AEPZ-Glyp-0.35 (c), DMAPA-Glyp-2.1 (d), DMAPA-Glyp-2.5 (e), DMAPA-
Glyp-2.8 (f), and bPEI (g). (B) Change of hemolysis rate with the concentration of glycogen derivatives and bPEI (n=3).
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen; bPEI, branched polyethyleneimine; C, concentration.
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complex formation of cationic  
glycogen derivatives with pDNA
The formation of the cationic glycogen derivative/pDNA 

complexes was examined by agarose gel electrophoresis using 

pDNA as a control. As shown in Figure 5A, the migration 

of pDNA was retarded when the DMAPA-Glyp derivative/

pDNA and the AEPZ-Glyp derivative/pDNA weight ratios 

exceeded 1 and 5, respectively. The result suggested that the 

glycogen derivatives possessed good pDNA-binding ability 

because of their cationic oligoamine residues. The higher 

binding ability of the DMAPA-Glyp derivatives with pDNA 

arises from their higher DS values, ie, more oligoamine resi-

dues are widely distributed in the DMAPA-Glyp derivatives 

compared with the AEPZ-Glyp derivatives.

We recently reported hyperbranched cationic amy-

lopectin derivatives conjugated with the same content of 

DMAPA residues as the DMAPA-Glyp-2.8 derivative for 

gene delivery, named the DMAPA-Amp-2.8 derivative.18 It 

should be noted that the weight ratio of the DMAPA-Glyp-

2.8 derivative/pDNA complex (at 1) was lower than that of 

the DMAPA-Amp-2.8 derivative/pDNA complex (at 5),18 

when the migration of pDNA was completely retarded. In 

contrast to amylopectin, the fraction of branching units 

for glycogen is higher at 8%, whereas the value is 5%–6% 

for amylopectin.21 Therefore, the result may indicate that 

pDNA-binding and -condensation abilities are enhanced 

with the increase in the fraction of branching units of the 

hyperbranched polysaccharide derivatives, in agreement 

with the literature.4–7 This is closely related to their gene-

delivery efficacy, which needs to be investigated in the 

future.

Protection of pDNA by the cationic  
glycogen derivatives
The protection effect of the complexes against DNA deg-

radation by DNase I is shown in Figure 5B. While naked 

pDNA was completely digested (lane 2), the migration 

of pDNA was observed after the glycogen derivatives/

pDNA complexes were digested by DNase I and treated 

with heparin solution, at weight ratios above 2 and 5 for 
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Figure 4 Acid–base titration profiles of cationic glycogen derivatives and bPEI in aqueous 0.15 mol/L NaCl solutions (sample solution, 0.2 mg/mL).
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen; bPEI, branched polyethyleneimine.
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the DMAPA-Glyp/pDNA and the AEPZ-Glyp/pDNA com-

plexes, respectively (lanes 3–14). This demonstrated that 

the glycogen derivatives exhibited distinct protective effects 

against DNase I.

Analysis of zeta potentials  
and particle sizes
It has been reported that cationic polymers/DNA complexes 

with positive surface charge and sizes between 50 to several 

hundred nanometers would be suitable for the endocytosis 

of complexes and efficient gene delivery.16,29,31 As shown in 

Figure 6A, the zeta potential of the glycogen derivative/pDNA 

complexes increased with increasing weight ratios. After the 

complexes formed, their zeta potentials became positive, 

which is amenable to the effective condensation of DNA. 

For example, the zeta potential of the DMAPA-Glyp/pDNA 

complexes increased from 2 mV to 23 mV when the weight 

ratio increased from 2 to 20. In addition, the result revealed 

that the content and type content of the oligoamine residues 

of the cationic glycogen derivatives had a small effect on 

the zeta potential. The pDNA condensation of the glycogen 

derivatives was attributed to their cationic  properties, of 

w/wA

B
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b

c

d

e

a

b

f

1 2 3 5 6 7 8 9 10 11 12 13 144

pDNA 0.1 0.3 0.5 1 2 5 10 20

Figure 5 (A) Agarose gel electrophoresis retardation assay of glycogen derivative/pDNA complexes at different weight ratios: DMAPA-Glyp-2.1 (a), DMAPA-Glyp-2.5 
(b), DMAPA-Glyp-2.8 (c), AEPZ-Glyp-0.25 (d), AEPZ-Glyp-0.29 (e), and AEPZ-Glyp-0.35 (f). (B) Protection and release assay of pDNA. Lane 1, naked pDNA; lane 2, naked 
pDNA digested by DNase I; lanes 3–14, glycogen derivative/pDNA complexes (w/w =2, 5, 10, and 20) digested by DNase I and treated with heparin solution (lanes a3–a6, DMAPA-
Glyp-2.1; lanes a7–a10, DMAPA-Glyp-2.5; lanes a11–a14, DMAPA-Glyp-2.8; lanes b3–b6, AEPZ-Glyp-0.25; lanes b7–b10, AEPZ-Glyp-0.29; lanes b11–b14, AEPZ-Glyp-0.35).
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen; pDNA, plasmid deoxyribonucleic acid.
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which zeta potentials were all in the range of 15–35 mV, 

and increased with increased DS values (Figure S2). As 

expected, the average particle size of the glycogen derivative/

pDNA complexes decreased with increased weight ratios, 

ie, the complexes became progressively smaller during the 

pDNA-condensation process (Figure 6B). For example, the 

complexes condensed from about 600 nm (w/w =0.1) to 

150–250 nm (w/w =20).

Observation of complex-formation  
process by AFM
The process of DMAPA-Glyp-2.8 derivative/pDNA complex 

formation was observed by AFM (Figure 7). The extended 

pDNA molecules can be clearly seen in the AFM images of 

pDNA following the stretch orientation (Figure 7A), which 

matches the pDNA images reported in the literature.26 It 

was observed that the pDNA molecules gradually attached 

to the DMAPA-Glyp-2.8 derivative with increased weight 

ratio from 0.3 to 0.5 (Figure 7B and C). When the weight 

ratio exceeds 2, the DMAPA-Glyp-2.8 derivative can con-

dense pDNA into global particles with size ranging from 

90 to 140 nm (Figure 7D and E). These results further confirm 

that the DMAPA-Glyp-2.8 derivative and pDNA can form a 

condensed complex.

Cytotoxicity analysis
It is considered that cytotoxicity of cationic polymers is 

another important factor of biocompatibility together with 

blood compatibility.25 In vitro cytotoxicity of the glycogen 

derivatives and bPEI was thus assessed at concentrations 

ranging from 16 to 500 µg/mL by MTT assay in the 293T and 

CNE2 cells. As shown in Figure 8A and B, the cell viability of 

the AEPZ-Glyp derivatives was generally higher than that of 

DMAPA-Glyp, implying that cytotoxicity was related to the 

type and content of the oligoamine residues conjugated to the 

glycogen derivatives. However, the result also revealed that 

the cell viability of the glycogen derivatives was higher than 

that of bPEI, indicating the glycogen derivatives exhibited 

lower cytotoxicity. This difference could be attributed to the 

biocompatibility of glycogen.

The cytotoxicity of the glycogen derivative/pDNA com-

plexes with various weight ratios was further evaluated in the 
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Figure 6 (A) Zeta potential and (B) average particle size of glycogen derivative/pDNA complexes at various weight ratios: the DMAPA-Glyp/pDNA complexes (a), and the 
AEPZ-Glyp/pDNA complexes (n=3) (b).
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen; pDNA, plasmid deoxyribonucleic acid.
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293T and CNE2 cells by MTT assay. As a result of the lower 

cytotoxicity of the glycogen derivatives, the cell viability of 

the glycogen derivative/pDNA complexes was higher than 

that of the bPEI/pDNA complexes at weight ratios ranging 

from 2 to 80 (Figure 8C and D).

In vitro transfection of pDNa
The gene-transfer capacity of the cationic glycogen derivatives 

was evaluated in the 293T and CNE2 cell lines. Transfection 

efficiency was quantitatively determined using flow cyto-

metry to assess the actual percentage of GFP-expressing 

cells. According to previous work,29 the bPEI/pDNA complex 

(N/P =10, N/P ratio refers to the ratio of moles of the amine 

groups of bPEI to moles of phosphates of pDNA) was used as 

a control. As shown in Figure 9A, the transfection efficiency 

of the DMAPA-Glyp/pDNA complexes was significantly 

higher than that of the AEPZ-Glyp/pDNA complexes in both 

cells. Noticeably, the transfection efficiency of the DMAPA-

Glyp-2.8/pDNA complex (w/w =20) was almost equal to that 

of the bPEI/pDNA complex. The high transfection efficiency 

of the DMAPA-Glyp derivatives is likely related to their good 

buffer capability and high pDNA-condensation ability. In 

addition, it was found that the gene-transfection efficiency 

of the cationic glycogen derivative/pDNA complexes was 

dependent on the weight-ratio values, the cell types, and the 

oligoamine residues of the glycogen derivatives. At the weight 

ratio of 5, the complexes exhibited low gene-transfer capacity 

in the two cell lines. However, the transfection efficiency of the 

complexes increased with increasing weight ratios. The gene-

transfer capacity of the cationic glycogen derivatives in the 

293T cells was higher than that observed in the CNE2 cells, 

attributed to distinct endocytosis ability of the 293T cells. 

The transfection of naked pDNA was less than 0.3% in the 

two cell lines, further confirming that the cationic glycogen 

derivatives have the capability to protect pDNA and improve 

expression levels of GFP.

GFP-expressing cells were observed using an inverted 

fluorescence microscope to further visualize the transfec-

tion efficiency of the glycogen derivative/pDNA complexes 

(w/w =20). In comparison with the AEPZ-Glyp-0.35/pDNA 

group (Figure 9B [a1]), a strong green fluorescent signal was 

observed in 293T cells transfected with the complexes of 

DMAPA-Glyp-2.8/pDNA and bPEI/pDNA (9B [b1, c1]), 

further highlighting the high transfection efficiency found 

by flow cytometry. Additionally, the transfection efficiency 

of the glycogen derivatives was found to be higher in the 

293T cells than in the CNE2 cells.

The expressed GFP was observed throughout the cyto-

plasm and nuclei of the 293T cells in the laser-scanning 

confocal images (Figure S3). The GFP fluorescence  intensity 

in the cells incubated with the DMAPA-Glyp-2.8/pDNA com-

plex was much stronger than that in the cells incubated with 

the AEPA-Glyp-0.35/pDNA complex, further confirming 

the higher gene-transfer efficiency of the DMAPA-Glyp-2.8/

pDNA complex. In comparison, the nuclei became bright 

blue, shrank, and deformed following incubation of the cells 

with bPEI/pDNA, suggesting that apoptosis occurred as a 

consequence of the cytotoxicity of bPEI.

In vivo evaluation of gFP expression
All SD rats were still alive on the fifth day following injec-

tion of the DMAPA-Glyp-2.5/pDNA complex (Figure 10A), 
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Figure 7 Atomic force microscopy images of (a) pDNA and the pDNA/DMAPA-Glyp-2.8 complex with different weight ratios: (b) w/w =0.3, (c) w/w =0.5, (d) w/w =2, and 
(e) w/w =20. I: Phase-mode images. Each image represents a 2×2 µm scan. II: Height-mode images.
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; Glyp, glycogen; pDNA, plasmid deoxyribonucleic acid.
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Glyp, glycogen.

 confirming the in vivo safety of the DMAPA-Glyp deriva-

tives (n=3). The GFP expression in the blood vessels of 

the brain was then evaluated by laser-scanning confocal 

microscopy. As shown in Figure 10B, it was observed that 

the nuclei were stained blue, and a majority of GFP was 

expressed in cells of the vascular wall around blood  vessels. 

These results indicated that the pDNA could be safely 

delivered to the cells of the vascular wall around brain 

blood vessels of SD rats by the DMAPA-Glyp derivatives, 

and then expressed as GFP.  However, the green fluorescence 

was hardly observed in cells of the vascular wall around 

blood vessels in the control group (Figure 10C), confirming 

that the fluorescence was not the result of autofluorescence 

in tissue.

Overall, the results of in vivo evaluations confirmed 

that the hyperbranched glycogen derivatives could transfect 

pDNA efficiently and express as GFP in the blood vessels of 

the brains of SD rats. The mechanism of gene transfection 

may be explained based on the literature.32,33 The DMAPA-

Glyp derivatives could be able to bind and condense pDNA 

to form the positive complexes, and protect pDNA from 

 degradation by nuclease. The complexes entered the endo-

somes through endocytosis, owing to the electrostatic attrac-

tion between the complexes and the cell membranes. With 

the proton-sponge effect, the complexes escaped from the 

endosomes. The pDNA was finally released inside the cyto-

plasm and expressed as GFP. Furthermore, hypoxia–ischemia 

could promote the opening of the blood–brain barrier tight 

junction and increase the permeability of the blood–brain 

barrier.34,35 Therefore, the mechanism of the expression of 

GFP may be due to two factors: electrostatic attraction and 

the improved permeability of the blood–brain barrier.
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Figure 9 (A) Transfection efficiency of glycogen derivative/pDNA complexes at various weight ratios (w/w =5, 10, and 20) and the bPEI/pDNA complex (N/P =10) 
determined by flow cytometry in 293T cells and CNE2 cells (n=3). (B) Fluorescence micrographs and light-inverted micrographs of 293T cells and CNE2 cells transfected by 
the glycogen derivative/pDNA complexes (w/w =20): AEPZ-Glyp-0.35/pDNA (a), DMAPA-Glyp-2.8/pDNA (b), and bPEI/pDNA (N/P =10) (×100) (c).
Abbreviations: bPEI, branched polyethyleneimine; pDNA, plasmid deoxyribonucleic acid; N/P, N/P ratio refers to the ratio of moles of the amine groups of bPEI to moles 
of phosphates of pDNA; DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen.

Figure 10 (A) A Sprague Dawley rat on the fifth day following injection of the DMAPA-Glyp-2.5/pDNA complex (w/w =20). (B and C) Laser-scanning confocal images of 
brain cryosections of the rat, stained by Hoechst 33342 (×200). (B) The experimental group expressed green fluorescent protein (region 1, cells of vascular wall; region 2, 
cells of brain tissue); (C) the control group.
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen.
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Conclusion
A series of hyperbranched cationic glycogen derivatives 

conjugated with DMAPA and AEPZ oligoamine residues 

were synthesized, which exhibited better blood compatibil-

ity and lower cytotoxicity when compared to bPEI. They 

were able to bind and condense pDNA to form complexes 

of 100–250 nm in size. The transfection efficiency of the 

DMAPA-Glyp/pDNA complexes was higher than that of 

the AEPZ-Glyp/pDNA complexes in both the 293T and 

CNE2 cells, and almost equal to that of bPEI. The pDNA 

could be safely delivered to the blood vessels in the brains 

of SD rats with the MCAO model by the DMAPA-Glyp 

derivatives and then expressed as GFP. The DMAPA-Glyp 

derivatives are thus anticipated as a novel nonviral gene 

vector for future gene-therapy applications, such as in 

ischemic stroke.
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Figure S1 Morphology of erythrocytes incubated with (A) AEPZ-Glyp-0.25, (B) AEPZ-Glyp-0.29, (C) AEPZ-Glyp-0.35, (D) DMAPA-Glyp-2.1, (E) DMAPA-Glyp-2.5, 
(F) DMAPA-Glyp-2.8, (G) bPEI, (H) 0.9% NaCl, and (I) 10% Triton X-100 (×400, with a polymer concentration of 125 µg/mL).
Abbreviations: bPEI, branched polyethyleneimine; DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen.
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Figure S2 Zeta potentials of the cationic glycogen derivatives.
Abbreviations: DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen; DS, degree of substitution.
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Figure S3 Laser-scanning confocal images of 293T cells transfected by the glycogen derivative/pDNA complexes (w/w =20): (A) AEPZ-Glyp-0.35/pDNA, (B) DMAPA-Glyp-
2.8/pDNA, and (C) bPEI/pDNA (N/P =10). 1, Nuclei stained by Hoechst 33342; 2, green fluorescent protein; 3, images 1 and 2 merged (×400).
Abbreviations: bPEI, branched polyethyleneimine; pDNA, plasmid deoxyribonucleic acid; N/P, N/P ratio refers to the ratio of moles of the amine groups of bPEI to moles 
of phosphates of pDNA; DMAPA, 3-(dimethylamino)-1-propylamine; AEPZ, 1-(2-aminoethyl) piperazine; Glyp, glycogen.
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