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Abstract 

Chitosan (CS) has been investigated as a non-viral carrier for gene delivery, but 

resulting in a relatively low transfection. To address this concern, we developed a 

ternary system comprised the core of CS/DNA complex and the outer coating of an 

anionic polymer, poly(γ-glutamic acid) (γ-PGA). In molecular dynamic (MD) 

simulations, we found that γ-PGA was entangle tightly with the excess CS emanating 

from the surface of test complexes, thus making them more compact. With γ-PGA 

coating, the extent of test complexes internalized and their transfection efficiency 

were evidently enhanced. Trypsin treatment induced a concentration-dependent 

decrease in internalization of the γ-PGA-coated complexes, suggesting a specific 

protein-mediated endocytosis. The endocytosis inhibition study indicates that the 

γ-glutamyl transpeptidase (GGT) present on cell membranes was responsible for the 

uptake of test complexes. The amine group in the N-terminal γ-glutamyl unit on 

γ-PGA played an essential role in the interaction with GGT. When entangled with CS, 

the free N-terminal γ-glutamyl unit of γ-PGA on test complexes was exposed and 

might thus be accommodated within the γ-glutamyl binding pocket of the membrane 

GGT. Above results suggest that the γ-PGA coating on CS/DNA complexes can 

significantly enhance their cellular uptake via a specific GGT-mediated pathway. 

Knowledge of the uptake mechanism is crucial for the development of an efficient 

vector for gene transfection. 

Keywords: gene transfection; γ-glutamyl transpeptidase; receptor-mediated 

endocytosis; γ-glutamyl unit; poly(γ-glutamic acid) 
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1. Introduction 

Chitosan (CS), a linear cationic amine-containing polysaccharide, has the potential to 

condense negatively-charged DNA into a compact structure via electrostatic interactions 

[1,2]. It has been shown that CS can protect DNA from nuclease degradation and transfect 

DNA into different cell types [3]. Although advantageous for DNA packing and protection, 

the transfection efficiency of such binary CS/DNA complex is relatively low [4]. To enhance 

its gene expression level, an approach through the modification of its internal structure by 

incorporating an anionic polymer, poly(γ-glutamic acid) (γ-PGA), inside the CS/DNA 

complex was previously reported by our group [5]. γ-PGA, a naturally occurring peptide that 

consists of D- and L-glutamic acids polymerized through γ-glutamyl bonds, is produced by 

certain Bacillus strains as capsular or extracellular viscous materials [6]; it is water-soluble, 

biodegradable and non-toxic. γ-PGA has been used as an adjuvant for oral delivery of insulin 

[7,8] and been employed to deliver protein vaccines [9]. 

Our previous results obtained in molecular dynamic (MD) simulations suggested that 

after forming a ternary complex, γ-PGA may be recognized by an intrinsic membrane protein, 

γ-glutamyl transpeptidase (GGT), resulting in a significant increase in its cellular uptake [10]. 

After internalization, a less percentage of co-localization of the ternary CS/DNA/γ-PGA 

complex with lysosomes was observed when compared to its binary CS/DNA counterpart. A 

greater cellular uptake together with a less entry into lysosomes thus enhanced the 

transfection efficiency of the CS/DNA/γ-PGA complex significantly. According to these 

results, γ-PGA plays an important role in augmenting the cellular uptake and transfection 

efficiency of CS-based gene carriers. 

To take full advantage of this unique feature in the study, we first prepared the cationic 

CS/DNA complex; anionic γ-PGA was then electrostatically coated onto its surface (Figure 

1). Membrane-active polyanions have been proposed as adjuvants for transfection of cationic 

DNA complexes [11-13]. It has been reported that polyanionic coatings on polycation/DNA 

complexes could efficiently reduce their non-specific interaction with blood components, 

which inhibit transfection in the serum-containing medium, and especially to the in vivo gene 

therapy [14,15].  

*Manuscript
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In this work, the prepared CS/DNA complexes coated with different amounts of γ-PGA 

[(CS/DNA)/γ-PGA complexes] were characterized by means of the MD simulations and the 

gel retardation and dynamic light scattering (DLS) assays. Their cytotoxicity was evaluated 

via the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, while the 

internalization and transfection efficiency were examined using a confocal laser scanning 

microscope (CLSM) and a flow cytometer, respectively. Additionally, the interaction 

between γ-PGA and GGT present in the cell membranes was investigated through the MD 

simulations. 

 

2. Materials and Methods 

2.1. Materials 

CS (15 kDa) with a degree of deacetylation of approximately 85% and γ-PGA (30 kDa) 

were purchased from Challenge Bioproducts and Vedan (Taichung, Taiwan), respectively. 

The plasmid DNA used in the study was pEGFP-N2 (4.7 kb, coding an enhanced GFP 

reporter gene, Clontech, Palo Alto, CA, USA). pEGFP-N2 was amplified using DH5α and 

purified by a Qiagen Plasmid Mega Kit (Valencia, CA, USA) according to the 

manufacturer’s instructions. Plasmid purity was analyzed by gel electrophoresis (1% agarose), 

while its concentration was measured by ultraviolet-visible (UV) absorption at 260 nm (Jasco, 

Tokyo, Japan). 

2.2. Preparation and characterization of test complexes 

The charge ratio, (N/P)/C, of test complexes was expressed as the ratio of moles of the 

amino groups (N) on CS to the phosphate groups (P) on DNA and the carboxyl groups (C) on 

γ-PGA. Test complexes, (CS/DNA)/γ-PGA, at various known (N/P)/C ratios [(10/1)/0, 

(10/1)/4, (10/1)/12, (10/1)/20 and (10/1)/40] were prepared in deionized (DI) water (pH 6.0). 

CS/DNA complexes were first made via an ionic-gelation method by blending an aqueous 

DNA (pEGFP-N2, 33 μg in 200 μl) with an aqueous CS (40 μg in 200 μl) and then 

thoroughly mixed for 30–60 s and left for at least 1 h at room temperature. Subsequently, an 

aqueous γ-PGA (0.2 μg/μl) at various known volumes (0, 1.5, 4.5, 7.5 or 15.0 μl) was gently 

added into the mixed solution and left for another 1 h to form test complexes. 
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The hydrodynamic sizes and surface charges of test complexes were measured using 

DLS (Zetasizer Nano ZS, 3000HS, Malvern Instruments Ltd., Worcestershire, UK). The 

binding efficiency between DNA and carriers was evaluated by a gel retardation assay [16]. 

Electrophoresis was carried out onto a 1% agarose gel with a current of 100 V for 30 min in a 

TAE buffer solution (40mM Tris-HCl, 1% v/v acetic acid and 1mM EDTA). The retardation 

of test complexes was visualized by staining with ethidium bromide. 

2.3. In vitro transfection 

HT1080 (human fibrosarcoma) cells were cultured in DMEM media supplemented with 

2.2 g/l sodium bicarbonate and 10% fetal bovine serum (FBS). Cells were subcultured 

according to the ATCC recommendations without using any antibiotics. For transfection, 

cells were seeded on 12-well plates at 2×10
5
 cells/well and transfected the next day at 

50–80% confluency. Prior to transfection, the media were removed and cells were rinsed 

twice with transfection media (DMEM without FBS, pH 6.0). Cells were replenished with 

0.3 ml transfection media containing test complexes or naked DNA at a concentration of 2 μg 

DNA/well. 

At 2 h post transfection, the transfection media containing test complexes were removed; 

the cells were then rinsed twice with transfection media and refilled with FBS-containing 

media until analysis at 24 h after transfection. The transfected cells were observed under a 

fluorescence microscope (Carl Zeiss Optical, Chester, VA, USA) to monitor any 

morphological changes and to obtain an estimate of the transfection efficiency. Cells 

transfected with Lipofectamine
TM

 2000 (Invitrogen, Carlsbad, CA, USA) were used as a 

positive control, and those without any treatment were used as a negative control. 

Transfection efficiencies were presented by two numeric indicators: percentages of cellular 

uptake and cell transfected [17]. 

2.4. Preparation of fluorescence complexes 

Fluorescence complexes were prepared to track their internalization by CLSM and 

quantify their cellular uptake by flow cytometry. FITC-labeled CS (FITC-CS), Cy5-labeled 

CS (Cy5-CS) and fluoresceinamine-labeled -PGA (FA-γ-PGA) were synthesized as per the 

methods described in the literature [18,19]. To remove the unconjugated FITC, Cy5 and FA, 
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the synthesized FITC-CS, Cy5-CS and FA-γ-PGA were dialyzed individually in the dark 

against DI water and replaced on a daily basis until no fluorescence was detected in the 

supernatant. The resultant samples were lyophilized in a freeze dryer and then used to 

prepare fluorescence complexes as described in Section 2.2. 

2.5. CLSM visualization and flow-cytometry analysis 

To track the internalization of test complexes, cells were seeded on 12-well plates with a 

sterile glass coverslip at 2×10
5
 cells/well and incubated overnight. Subsequently, cells were 

rinsed twice with transfection media and transfected with (Cy5-CS/DNA)/FA-γ-PGA 

complexes. After incubation for 2 h, cells were washed twice with pre-warmed 

phosphate-buffered saline (PBS) before they were fixed in 4% paraformaldehyde. Finally, 

the fixed cells were examined under a CLSM (TCS SL, Leica, Germany). 

To quantify the cellular uptake of test complexes, cells were plated on 12-well plates 

and transfected with (FITC-CS/DNA)/γ-PGA complexes at a concentration of 2 μg 

DNA/well for 2 h. Following transfection, cells were detached by 0.025% trypsin-EDTA and 

transferred to microtubes. Subsequently, cells were resuspended in PBS containing 1mM 

EDTA and fixed in 4% paraformaldehyde. Finally, the cells were analyzed by flow 

cytometry (Beckman Coulter, Fullerton, CA, USA) equipped with a 488 nm argon laser for 

excitation. 

For each sample, 10,000 events were collected and fluorescence was detected. Signals 

were amplified in logarithmic mode for fluorescence to determine the EGFP-positive events 

by a standard gating technique. The percentage of positive events was calculated as the 

events within the gate divided by the total number of events, excluding cell debris. 

2.6. MD simulations 

 MD simulations of the configurations of (CS/DNA)/γ-PGA complexes and the 

interaction between γ-PGA and GGT were performed by a MD method [20]. MD simulations 

were accomplished with the program NAMD [21] using parameters adapted from the 

CHARMM 27 force field [22]. The models were minimized to remove unfavorable contacts, 

brought to 310 K by velocity rescaling and equilibrated for 1 ns. Before any MD trajectory 

was run, 40 ps of energy minimization were performed to relax the conformational and 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

5 

 

structural tensions. This minimum structure was the starting point for MD simulations. For 

this purpose, the molecule was embedded into a cubic simulation box of 120 Å. A cutoff 

distance of 12 Å was employed for the nonbonded and electrostatic interactions. The heating 

process was performed from 0 to 310 K through Langevin damping with a coefficient of 10 

ps
-1

. A time step of 2 fs was employed for rescaling the temperature. After 20 ps heating to 

310 K, equilibration trajectories of 1 ns were recorded, which provided the data for the 

structural and thermodynamic evaluations. The equations of motion were integrated with the 

Shake algorithm with a time step of 1 fs. Figures displaying atomistic pictures of molecules 

with hydrogen bondings were generated using VMD [23] and UCSF Chimera [24]. 

2.7. Endocytosis inhibition 

To study whether the cell-surface proteins were involved in the uptake of test complexes, 

cells were incubated with distinct concentrations of trypsin (0.01%, 0.025% and 0.05% by 

w/v in Hanks’ salt solution) for 5 min prior to transfection [25]. Cells were then treated with 

FITC-CS/DNA complexes with or without the γ-PGA coating for 2 h. Subsequently, cells 

were washed three times with PBS, collected according to the methods described above and 

analyzed by flow cytometry. The groups in the presence of test complexes but without 

trypsin treatment were used as controls, and their fluorescence intensities were expressed as 

100%. 

To study the effect of a highly selective GGT inhibitor (GGs) on the uptake of test 

complexes, cells were pre-incubated with GGs at varying known concentrations (0, 50 and 

100nM) which were not toxic to the cells [26]. Following pre-incubation for 1 h, the inhibitor 

solutions were removed, and the freshly prepared FITC-labeled complexes in media 

containing GGs at the same concentrations were added and further incubated for 2 h. 

Subsequently, cells were washed three times with PBS, collected according to the methods 

described above and analyzed by flow cytometry. 

2.8. MTT assay 

The cytotoxicity of test complexes was evaluated in vitro using the MTT assay [27]. 

HT1080 cells were seeded on 24-well plates at 5×10
4
 cells/well, allowed to adhere overnight 

and transfected by test complexes containing 1 μg DNA. After 2 h, test samples were 
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aspirated, and cells were incubated for another 22 h. Subsequently, cells were incubated in a 

growth medium containing 1 mg/ml MTT reagent for an additional 4 h; a 500 μl of dimethyl 

sulfoxide (DMSO) was added to each well to ensure the solubilization of formazan crystals. 

Finally, the optical density readings were performed using a multiwell scanning 

spectrophotometer (Dynatech Laboratories, Chantilly, VA, USA) at a wavelength of 570 nm. 

2.9. Modification of the terminal amine group on γ-PGA 

To evaluate its effect on cellular uptake, the terminal amine group on γ-PGA was 

modified as per a method reported in the literature [28]. In brief, 6 mg of sodium dodecyl 

sulfate (SDS) and 5 ml of acetic anhydride were added into an aqueous γ-PGA (0.2 μg/μl, 2 

ml); the mixture was emulsified under magnetic stirring for 24 h to block the terminal amine 

group on γ-PGA. Upon completion of the reaction, 100 ml of acetone was added to the 

reaction flask to precipitate the acetylated γ-PGA. The precipitated γ-PGA derivative was 

washed five times with acetone to remove the unreacted acetic anhydride. The acetylated 

γ-PGA was then transferred to a dialysis tube (MWCO: 6000–8000) and dialyzed against DI 

water for 3 days. The final product was lyophilized and then stored at –20°C until used. The 

purified acetylated γ-PGA was analyzed by 
1
H NMR (Varian Unityionva 500 NMR 

Spectrometer, MO, USA). The degree of acetylation on the terminal amine group of γ-PGA 

was estimated using the ninhydrin assay [29]. 

2.10. Statistical analysis 

Comparison between groups was analyzed by the one-tailed Student’s t-test (SPSS, 

Chicago, Ill). All data are presented as a mean value with its standard deviation indicated 

(mean ± SD). Differences were considered to be statistically significant when the P values 

were less than 0.05. 

 

3. Results and Discussion 

CS has been investigated as a non-viral carrier for gene delivery, but resulting in a 

relatively low transfection [4]. To address this concern, we developed a ternary 

gene-transfection system, which comprised the core of CS/DNA complex and the outer 

coating of an anionic polymer, γ-PGA. Interestingly, we found that the cellular uptake of the 
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CS/DNA complex was evidently enhanced by the outer γ-PGA coating, thus improving its 

gene expression level significantly. Normally, anionic complexes are not taken up well by 

cells, as they have a tendency to be electrostatically repelled by the negatively-charged cell 

membranes. Therefore, the ternary complex containing γ-PGA developed in the study must 

have a different mechanism in cellular uptake. This study was designed to explore the role 

that γ-PGA coating may play in enhancing the cellular uptake of CS/DNA complexes. 

3.1. Characterization of test complexes 

The binding capacity of DNA with CS was previously examined by our group using the 

gel retardation assay [5]; the obtained data showed that as its N/P ratio increased to 10/1, the 

migration of DNA was retarded efficiently. Therefore, preparation of the CS/DNA complex 

was carried out at an N/P ratio of 10/1 in the study. No significant release of DNA from test 

complexes containing γ-PGA at varying (N/P)/C ratios was observed, an indication of their 

DNA binding stability (Figure 2a). 

The particle size and zeta potential of test complexes in aqueous media were 

investigated by DLS. According to Figure 2b, test complexes coated with γ-PGA had a 

smaller particle size than their counterpart in the absence of γ-PGA coating [the CS/DNA 

complex with an (N/P)/C ratio of (10/1)/0, P < 0.05]; additionally, γ-PGA coating 

significantly reduced their surface charge (P < 0.05, Figure 2c). With increasing the coating 

of γ-PGA, the zeta potential of test complexes decreased appreciably and reached its 

minimum value (approximately –27 mV) at an (N/P)/C ratio of (10/1)/12 (P < 0.05); further 

increasing the amount of γ-PGA used [(N/P)/C ratios of (10/1)/20 and (10/1)/40] did not 

significantly alter their surface charge (P > 0.05). 

3.2. MD simulations of configurations of test complexes 

MD simulations were performed in a full-atom model to model the configurations of 

(CS/DNA)/γ-PGA complexes formed at distinct (N/P)/C ratios. Both CS and γ-PGA 

molecules considered in MD simulations contained 10 monomer units, and DNA was a 

double helix with 20 mer on each strand. Figure 3 displays the conformations of 

(CS/DNA)/γ-PGA complexes self-assembled in DI water. In the CS/DNA complex [(10/1)/0], 

as CS molecules were in excess of DNA in terms of the prescribed N/P ratio of 10/1, only a 
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fraction of CS molecules (in blue) were able to bind with DNA (in yellow) to form a primary 

aggregate for the binary complex. The complex thus formed was overcharged due to the 

excess CS used; namely, the CS/DNA complex carried an overall positive charge. 

γ-PGA can be in different conformational states, including α-helix, β-sheet, random coil, 

helix-coil transition and enveloped aggregation, depending on its exposed environmental pH 

[30]. In DI water (pH 6.0), γ-PGA molecules are mainly in the form of linear random-coil 

conformation and show a polyanionic characteristic [30], allowing themselves to entangle 

tightly with the excess CS emanating from the surface of the complex, thus making the 

complex more compact. The amount of γ-PGA entangled with CS on the complex was 

saturated when the (N/P)/C ratio was increased to (10/1)/12. With further increasing the 

(N/P)/C ratio, there were excess γ-PGA molecules suspending in the aqueous solution in the 

vicinity of the (CS/DNA)/γ-PGA complex. 

3.3. Cellular uptake and transfection efficiency 

The cellular uptake and transfection efficiency were used as the criteria to optimize the 

(N/P)/C ratio when preparing (CS/DNA)/γ-PGA complexes. To visualize the cellular uptake 

under CLSM, CS and γ-PGA were fluorescently labeled with Cy5 and FA, respectively; the 

percentage of cells that internalized test complexes (labeled by FITC) was quantified by flow 

cytometry at 2 h after transfection. As shown in Figure 4a, the free form γ-PGA (in green) 

was not seen inside the cells. As is well known, polyanions cannot interact effectively with 

the cell membranes due to the electrostatic repulsion and consequently hardly be internalized 

[31]. 

Accumulation of the CS/DNA complex [(10/1)/0] was observed intracellularly. With the 

γ-PGA coating, the extent of test complexes internalized (Figure 4a) and the percentage of 

fluorescent cells (Figure 4b) were evidently increased (P < 0.05), indicative of a greater 

cellular uptake. With increasing the coating of γ-PGA, the fluorescence intensity observed in 

cells increased notably. The test complex with an N/P/C ratio of (10/1)/12 had the maximum 
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cellular uptake (P < 0.05). Further increasing γ-PGA coating on test complexes reduced their 

cellular uptake appreciably. Of note is that the fluorescence intensity of γ-PGA coating (in 

green) observed intracellularly was not as distinct as that of CS complexes (in red, Figure 

4c). 

To define the percentage of cells that actually expressed the transgene, we counted the 

number of EGFP-positive cells using flow cytometry at 24 h post transfection. When 

transfected with the CS/DNA complex, approximately 25% of the cells produced EGFP 

(Figure 5a). With the γ-PGA coating on test complexes, both the percentage of cells 

expressed EGFP (Figure 5a, P < 0.05) and their fluorescence intensity (Figure 5b) increased 

considerably. Among all studied groups, the cells treated with test complexes prepared at an 

(N/P)/C ratio of (10/1)/12 had the most evident expression of EFGP (85%, P < 0.05). Beyond 

this (N/P)/C ratio, the transfection efficiency of test complexes decreased appreciably. 

3.4. MTT assay 

Figure 5C shows the viability of cells cultured in the media treated with distinct test 

complexes. As compared to the negative control (NC, the group without any treatment), the 

cytotoxicity of naked DNA (NK), γ-PGA and CS was minimal. The viability of cells treated 

with the γ-PGA-coated complexes decreased relatively, due to their high expression of EGFP. 

It is well recognized that EGFP protein is toxic to the cells [32]. 

3.5. Receptor-mediated endocytosis 

The aforementioned results indicate that with γ-PGA coating, the cellular uptake of 

CS/DNA complexes was significantly enhanced, suggesting that there might be a 

γ-PGA-specific receptor-mediated pathway involved in internalization of test complexes [33]. 

To distinguish differences in their uptake mechanism, the interaction of test complexes, in 

the absence/presence of γ-PGA coating, with cell membranes was investigated by treating 

cells with trypsin at different concentrations prior to transfection. Trypsinization can cause a 

significant reduction in surface-bound proteins on plasma membranes [34]. As shown in 

Figure 6a, trypsinization resulted in a substantial decrease in internalization of test complexes 

with or without the γ-PGA coating (P < 0.05). However, trypsin treatment induced a 

concentration-independent effect on the uptake of test complexes in the absence of γ-PGA 
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coating [(10/1)/0, P > 0.05], while producing a concentration-dependent decrease in 

internalization of the γ-PGA-coated complexes [(10/1)/12, P < 0.05]. These results imply that 

with γ-PGA coating, CS-based complexes can be internalized by cells via a specific 

protein-mediated endocytosis. 

GGT, a highly glycosylated heterodimeric enzyme, is bound to the external surface of 

plasma membrane and is expressed in high concentration in mammalian cells [10]. GGT 

catalyzes the cleavage of extracellular glutathione and other γ-glutamyl-containing 

compounds such as γ-PGA to water (hydrolysis) or to amino acids and peptides 

(transpeptidation) [35,36]. To study the effect of GGT present in the cell membranes on the 

uptake of test complexes (labeled by FITC), cells were treated with varying concentrations of 

GGs, an inhibitor specific to GGT, prior to transfection. Their counterparts in the absence of 

inhibitors were used as controls. Compared with the control, the fluorescence intensity 

observed by flow cytometry in cells treated with the CS/DNA complex [(10/1)/0] was 

GGs-concentration independent (P > 0.05, Figure 6b), indicating that the GGT-mediated 

pathway was not involved in uptake of the CS/DNA complex. In contrast, that treated with 

the γ-PGA-coated complexes was dependent upon the GGs concentration used (P < 0.05), 

suggesting that γ-PGA coating substantially enhanced their internalization via the 

GGT-mediated pathway. 

3.6. MD simulations of the interaction between γ-PGA and GGT 

The role that γ-PGA may play in enhancing the cellular uptake of CS-based complexes 

was explored using MD simulations. In the free form γ-PGA, its terminal amine group 

(−NH2) may form intramolecular hydrogen bonds with the carbonyl groups (−C=O) on its 

neighboring units and thus is hidden (Figure 7a). The hidden N-terminal γ-glutamyl unit 

makes the free form γ-PGA difficult to interact with the γ-glutamyl binding pocket of the 

membrane GGT (Figure 7b). 

In contrast, in the entanglements of γ-PGA/CS on test complexes, the amine groups of 

CS may form intermolecular hydrogen bonds with the carbonyl groups on γ-PGA; the amine 

group in the N-terminal γ-glutamyl unit on γ-PGA is therefore freed and exposed (Figure 7a). 

The exposure of the free N-terminal γ-glutamyl unit of γ-PGA on test complexes may thus be 
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accommodated within the γ-glutamyl binding pocket of GGT on cell membranes (Figure 7b). 

It has been reported that GGT may exert the specificity to those substrates containing free 

γ-glutamyl units in their N-terminal ends [37]. 

For test complexes containing γ-PGA up to an (N/P)/C ratio of (10/1)/12, γ-PGA was 

tightly bound on their surfaces (Figure 3) and consequently might effectively entangle with 

CS and expose their free N-terminal γ-glutamyl units to interact with the membrane GGT, 

resulting in a significant increase in their cellular uptake (Figures 4a and 4b). Beyond this 

(N/P)/C ratio [(10/1)/20 or (10/1)/40], the hidden N-terminal γ-glutamyl units of the excess 

(or pendant) γ-PGA molecules surrounding test complexes may not interact with GGT 

competently, thus reducing their cellular uptake. 

In addition, the enzyme GGT may cleave (or hydrolyze) the γ-glutamyl bonds of γ-PGA 

to transfer the γ-glutamyl units to water before test complexes were internalized (Figure 7b). 

This fact may explain the reason why the fluorescence intensity of the γ-PGA coating seen 

intracellularly was not as evident as that of CS complexes (Figure 4c). 

3.7. Effect of acetylated γ-PGA on cellular uptake 

To further support the aforementioned proposed uptake mechanism, the amine group in 

the N-terminal γ-glutamyl unit on γ-PGA was protected via acetylation. Figure 8a shows the 

1
H NMR spectrum of γ-PGA; the chemical shifts observed at 1.79 and 1.93 ppm 

corresponded to β-CH2, whereas the peaks at 2.20 and 3.99 ppm represented the protons of 

γ-CH2 and α-CH, respectively. After acetylation (Figure 8b), the characteristic peak of α-CH 

shifted from 3.99 to 5.15 ppm due to the electron withdrawing nature of the acetyl moiety 

attached to the primary amine of γ-PGA. Similarly, the chemical shift of NH proton shifted 

from 7.92 to 4.26 ppm. In addition, a new peak corresponded to the CH3 protons of the acetyl 

group appeared at 2.0 ppm, indicating that the terminal amine group on γ-PGA was 

successfully acetylated. The degree of acetylation of γ-PGA, determined by the ninhydrin 

assay, was estimated to be 91%.  

The acetylated γ-PGA was then used to coat CS/DNA complexes, and its transfection 

efficiency was examined by flow cytometry. At 2 h after transfection, the fluorescence 

intensity in cells treated with test complexes containing the acetylated γ-PGA decreased 
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significantly (approximately 60% reduction) when compared to the γ-PGA-coated 

counterpart, indicating that the terminal amine group on γ-PGA did play a crucial role on 

cellular uptake. 

Above results suggest that the γ-PGA coating on CS/DNA complexes can significantly 

enhance their cellular uptake via a specific GGT-mediated pathway, using its exposed free 

N-terminal γ-glutamyl unit (Figure 1). After internalization, as both γ-PGA and DNA in test 

complexes carried negative charges, the electrostatic repulsion between the two might lead to 

the disintegration of test complexes. Such a structure disruption may facilitate the 

intracellular release of DNA, thus augmenting their transfection efficiency. 

 

4. Conclusions 

In the study, we found that γ-PGA coating can significantly enhance the cellular uptake 

of CS/DNA complexes, consequently augmenting their gene expressing level. The 

γ-PGA-coated complexes can be internalized by cells via a specific GGT-mediated pathway. 

The amine group in the N-terminal γ-glutamyl unit on γ-PGA played a significant role in 

uptake of test complexes. Once entangled with CS, the N-terminal γ-glutamyl unit on γ-PGA 

was exposed and might be effectively interact with the γ-glutamyl binding pocket of the 

membrane GGT. Detailed knowledge of the uptake mechanism is important for the 

development of more efficient carriers. 
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Figure Captions 

Figure 1. Schematic illustrations showing the self-assembly of chitosan (CS), DNA, poly(γ-glutamic acid) 

(γ-PGA) into test complexes (CS/DNA and CS/DNA coated with γ-PGA) and the mechanism of their 

cellular uptake and gene expression. 

Figure 2. (a) Results of the gel retardation assay of (CS/DNA)/γ-PGA complexes prepared at different (N/P)/C 

ratios. Samples were run on a 1% agarose gel and subsequently stained by ethidium bromide; (b) 

Particle size and zeta potential of (CS/DNA)/γ-PGA complexes prepared at different (N/P)/C ratios. 

Figure 3. Configurations of (CS/DNA)/γ-PGA complexes prepared at different (N/P)/C ratios in deionized 

water, obtained by molecular dynamic simulations. γ-PGA: poly(γ-glutamic acid). 

Figure 4. (a) Confocal images of cellular uptake of (CS/DNA)/γ-PGA complexes prepared at different (N/P)/C 

ratios; (b) Percentages of cellular uptake of (CS/DNA)/γ-PGA complexes prepared at different 

(N/P)/C ratios, analyzed by flow cytometry (n = 6); (c) Confocal images of cellular uptake of 

(CS/DNA)/γ-PGA complexes prepared at an (N/P)/C ratio of (10/1)/12. 

Figure 5. (a) Percentages of EGFP-expressing cells treated by (CS/DNA)/γ-PGA complexes prepared at 

different (N/P)/C ratios (n = 6) and (b) their intracellular EGFP intensities, analyzed by flow 

cytometry; (c) Results of the viability of cells treated by (CS/DNA)/γ-PGA complexes prepared at 

different (N/P)/C ratios, determined by the MTT assay (n = 6). NC: negative control (the group 

without any treatment); NK: naked DNA; LF: Lipofectamine
TM 

2000. 

Figure 6. (a) Percentages of cellular uptake of (CS/DNA)/γ-PGA complexes, determined by flow cytometry; 

cells were pretreated with different concentrations of trypsin (n = 6); (b) Relative fluorescence 

intensities observed intracellularly; cells were pretreated with varying concentrations of γ-glutamyl 

transpeptidase and then transfected with (CS/DNA)/γ-PGA complexes, determined by flow 

cytometry (n = 6). Control: the group treated with test complexes only. 

Figure 7. Results obtained in molecular dynamic simulations showing (a) the role that the free form γ-PGA or 

γ-PGA/chitosan entanglement might play in enhancing the cellular uptake of (CS/DNA)/γ-PGA 

complexes and (b) the interaction between the hidden or exposed N-terminal γ-glutamly unit and the 

γ-glutamyl binding pocket of the membrane γ-glutamyl transpeptidase (GGT). 

Figure 8. 
1
H NMR spectra of (a) γ-PGA and (b) acetylated γ-PGA. 
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