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Abstract 

Silver nanoparticles (AgNPs) find use in different biomedical applications including 

wound healing and cancer. We propose that the efficacy of the nanoparticles can be further 

augmented by using these particles for gene delivery applications. The objective of this work 

was to engineer biofunctionalized stable AgNPs with good DNA binding ability for efficient 

transfection and minimal toxicity. Herein, we report on the one-pot facile green synthesis of 

polyethylene glycol (PEG) stabilized chitosan-g-polyacrylamide modified AgNPs. The size 

of the PEG stabilized AgNPs was 38 ± 4 nm with a tighter size distribution compared to the 

unstabilized nanoparticles which showed bimodal distribution of particles sizes of 68 ± 5 nm 

and 7±4 nm. To enhance efficiency of gene transfection, Arg-Gly-Asp-Ser (RGDS) peptide 

was immobilized on the silver nanoparticles. The transfection efficiency of AgNPs increased 

significantly after immobilization of RGDS peptide reaching up to 42 ± 4% and 30 ± 3 % in 

HeLa and A549 cells, respectively, and significantly higher than the 34 ± 3% and 23 ± 2%, 

respectively, with the use of polyethyleneimine (25 kDa). These nanoparticles were found to 

induce minimal cellular toxicity. Differences in cellular uptake mechanisms with RGDS 

immobilization resulting in improved efficiency are elucidated. This study presents 

biofunctionalized AgNPs for potential use as efficient nonviral carrier for gene delivery with 

minimal cytotoxicity toward augmenting the therapeutic efficacy of AgNPs used in different 

biomedical products. 

Keywords: silver nanoparticles; chitosan; graft copolymer; gene therapy;  
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1. Introduction 

Silver nanoparticles (AgNPs) have gained immense popularity in recent years for a 

variety of biotechnological biomedical applications owing to their unique antimicrobial, 

optical and electronic properties.
1
 The antibacterial property of AgNPs has been utilized in 

different applications including consumer personal care products, water purification, and in 

medical devices. With the emergence of antibiotic resistant bacterial strains, the interest in 

AgNPs as an antimicrobial agent has increased significantly.
2
 Optical properties of AgNPs 

are better than those of gold nanoparticles (AuNPs) with higher plasmon excitation efficiency 

which may significantly aid in applications such as biosensing and bioimaging. AgNPs in 

wound healing products not only impart antimicrobial properties but have been shown to 

facilitate the healing process through its anti-inflammatory activity
3
 and differential effects 

on keratinocytes and fibroblasts.
4
 More recently, the use of AgNPs for treatment of cancer 

has been proposed due to their ability to induce apoptosis in cancer cells.
5

 

With ease of production, ability to tailor particle shape and size, and flexibility in 

surface modification and bioconjugation, AgNPs will continue to find use in different 

biomedical applications. However, the toxicity associated with the use of nanoparticles in 

general and AgNPs in particular is a concern. There is no clear consensus on the toxicity of 

AgNPs in the literature. Whereas many studies have reported cytotoxicity,
6-8

 others have 

observed minimal toxicity up to high particle concentration.
9
 It appears that the 

concentration, size and surface modification, etc., determine the toxicology of AgNPs. 

However, the clinical success of wound care products containing AgNPs suggests that 

AgNPs at low concentration may be used in vivo with minimal toxicity.  

We propose that the biomedical efficacy of the AgNPs in applications such as cancer 

therapy and wound healing could be further augmented by utilizing these nanoparticles to 
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deliver known therapeutic genes. Thus, it is envisaged that such a strategy could yield better 

therapies that synergistically leverage the various advantages offered by AgNPs and in 

addition utilize them for gene delivery. However, AgNPs lack the ability to bind double 

stranded DNA (dsDNA). Therefore, the specific objective of this study was to prepare 

surface functionalized AgNPs to bind dsDNA and demonstrate their ability to deliver genes 

efficiently following cellular uptake. Unlike AuNPs, AgNPs have not been studied for gene 

delivery applications. A few recent studies have reported on preparation of DNA stabilized 

AgNPs.
10, 11

 Transfection efficiency increased significantly after metallization of plasmid 

DNA (pDNA) with minimal toxicity
10, 11

.Typically, AgNPs are synthesized by chemical 

reduction of silver ions using toxic reducing agents such as sodium borohydride, hydrazine, 

formaldehyde, N,N-dimethylformamide, elemental hydrogen etc. in the presence of organic 

solvents, or non-biodegradable stabilizing agents, which are potentially hazardous for use in 

biomedical applications.
12-14

 One-pot facile green routes to synthesize metallic nanoparticles 

avoiding the use of toxic chemicals during synthesis are preferred for nanomedicine.  

Chitosan is a cationic linear polysaccharide consisting of both acetylated and 

deacetylated (1→4)-2-amino-2-deoxy-β-D-glucan repeating units.
15

  Chitosan can be used as 

nonviral carrier for gene delivery because it is cationic in nature, biocompatible, 

biodegradable and low toxic.
16-18

 However, the poor water solubility of chitosan due to strong 

intramolecular hydrogen bonding is the main drawback.
19

 Due to its low pKa value (pKa 

6.5), chitosan is only soluble at pH<6.5.
20

 However, its water solubility can be improved 

through functionalization of its primary amine and hydroxyl groups. Different types of water 

soluble chitosan derivatives such as PEGylated (polyethyelene glycol) chitosan,
21

 

carboxylated chitosan,
22

 succinylated chitosan,
23

 and dendronized chitosan
24

 etc. have been 

synthesized. 
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Targeted gene delivery is essential to improve transfection efficiency. Various 

targeting ligands such as folic acid, HIV-1 twin arginine translocation (TAT) peptide, 

mannose and Arg-Gly-Asp (RGD) peptide, etc. has been conjugated to nonviral vectors to 

improve the transfection efficiency through receptor mediated internalization of the plasma 

membrane followed by nucleus targeting.
25-30

 Arg-Gly-Asp-Ser (RGDS) motif in 

extracellular matrix proteins is recognized to facilitate ligation of integrins to facilitate cell 

adhesion.
31

 Among the targeting ligands, RGDS motif has been found to have high affinity 

towards cancer cells due to the presence of abundant αv integrins on cancer cells.
32

 Similarly, 

the αv integrins are up-regulated in migrating keratinocytes and endothelial cells during 

wound healing.
33, 34

  

In this work, we report on the one-pot facile green synthesis of AgNPs through 

reduction of silver nitrate solution by water soluble chitosan-g-polyacrylamide (CTS-g-

PAAm) copolymer in the presence of PEG to stabilize the AgNPs. As it has been previously 

utilized for gene delivery, chitosan was used to modify the surface of the AgNPs to 

efficiently bind DNA for gene delivery. For use in gene delivery, formation of AgNP/pDNA 

complexes was characterized. in vitro cytotoxicity and transfection efficiency of AgNPs were 

studied in HeLa and A549 cells. To improve the transfection efficiency, these PEG stabilized 

CTS-g-PAAm AgNPs were modified with RGDS peptide and the resulting changes in 

cellular uptake mechanisms were evaluated. 
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2. Experimental 

2.1 Materials 

Chitosan was purchased from Himedia, India. Its molecular weight (MW) was 365 

kDa, determined by gel permeation chromatography using Waters 2414 RI detector and PC2 

separation module (Waters, USA) against PEG standard calibration curve. The degree of 

deacetylation (DDA) determined by potentiometric method was 80%.
15

 PEG (5000 Da), 

acrylamide (AAm), ammonium persulphate (APS) and silver nitrate (AgNO3) were 

purchased from Merck, India. RGDS peptide, ethidium bromide (EtBr), 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)  and branched PEI (25 kDa) 

were obtained from Sigma-Aldrich, USA. Dulbecco’s modified Eagle’s medium (DMEM), 

penicillin–streptomycin, trypsin, fetal bovine serum (FBS) were purchased from Gibco, Life 

Technologies. pDNA encoding for green fluorescence (LifeAct-TagGFP2) under the control 

of the cytomegalovirus promoter/enhancer was propagated in Escherichia coli (E. coli). 

pDNA was isolated using midiprep pDNA isolation Kit (Qiagen, USA) according to the 

manufacturer’s instructions and stored at -20
o
 C for future use. All other reagents were used 

as received. 

2.2 Synthesis of CTS-g-PAAm copolymer 

CTS-g-PAAm copolymer was synthesized following a previous report with slight 

modification.
23

 Briefly, 1.0 g chitosan was dissolved in 60 ml 1% acetic acid solution in a 

two neck round bottom flask followed by nitrogen purging for 30 min. 0.01 g APS dissolved 

in 5 ml water was added to the chitosan solution and the reaction mixture was continuously 

stirred for 10 min at 60
o
 C. 2.0 g acrylamide monomer dissolved in water was added drop by 

drop to the above reaction mixture and the reaction was carried out for additional 1 h at 60
o
 C 
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under nitrogen atmosphere. Finally, the reaction mixture was cooled to room temperature 

followed by addition of ethanol to stop the reaction. The final product was obtained by 

filtration followed by Soxhlet extraction with ethanol for 48 h to remove the polyacrylamide 

homopolymer. 

2.3 Preparation and characterization of AgNPs 

CTS-g-PAAm coated AgNPs (hereafter designated as CTS-g-PAAm@AgNP) were 

prepared by one-pot green synthesis method without using any reducing agent where the 

copolymer acts as a self reducing agent (Figure 1). To synthesize the nanoparticles, 0.5 g 

CTS-g-PAAm copolymer dissolved in 15 ml double distilled water and 10 ml 0.01 M silver 

nitrate solution were taken in a three necked round bottomed flask and the whole mixture was 

stirred at 60
o
 C under nitrogen atmosphere for 2 h. In another batch of reaction, CTS-g-

PAAm@AgNPs were prepared as above in the presence of PEG to stabilize the nanoparticles 

(hereafter designated as PEG/CTS-g-PAAm@AgNP) (Figure 1). Thereafter, RGDS peptide 

at different contents with respect to copolymer (1%, 3%, 6% and 10%) was mixed with 

nanoparticles under constant stirring for 12 h to prepare RGDS peptide decorated CTS-g-

PAAm@AgNP (Figure 1). The free peptides were removed by dialysis. 

The formation of the polymer stabilized AgNPs was confirmed by measuring the UV 

absorbance at different time intervals during the reaction using UV–vis spectrophotometer 

(Optizen Pop Bio, Mecasys). The hydrodynamic diameter of nanoparticles was measured by 

dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instrument, UK) at 37° 

C. A transmission electron microscope (TEM, JEOL JSM-7600 F) was used to measure the 

size and characterize morphology of the AgNPs. 
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2.4 Preparation and characterization of AgNP/pDNA complex 

Polymer stabilized AgNP/pDNA complexes were prepared according to a previous 

report.
35

 AgNPs were diluted to 1 mg/ml concentration using MES buffer (pH 5.5) and 

filtered using 0.22 µm filter (Millipore) before complex formation. pDNA was separately 

diluted in 25 mM of sodium sulfate solution at a concentration of 100 µg/ml. The complexes 

were prepared by mixing of equal volume of nanoparticles and pDNA solution at different 

ratios (1:1, 2:1, 4:1, 6:1, 8:1 and 10:1; AgNP/pDNA weight ratio) followed by vortex mixing 

for 15–30 s and incubation at room temperature for 30 min.  

Hydrodynamic diameter of AgNP/pDNA particles at different ratios was measured by 

DLS at a scattering angle (θ) of 90
o
. The zeta potential of the complexes was also determined 

using the same instrument. The morphology of the RGDS decorated polymer stabilized 

AgNP (10 wt% RGDS content)/pDNA complex at weight ratio 10:1 was observed using 

TEM. 

2.5 Agarose gel electrophoresis assay 

The binding ability of nanoparticles with pDNA was confirmed by agarose gel 

electrophoresis assay. Freshly prepared AgNP/pDNA complexes at different weight ratios 

were loaded in 0.8% agarose gel, prepared in TAE buffer containing EtBr (10 µg/ml) as a 

DNA visualizer. The gel was run at 100 V for 45 min and subsequently the gel was imaged 

using a gel documentation system (Syngene, USA). 

2.6 Ethidium bromide assay  

EtBr assay was carried out by following a previous report.
17

 Briefly, pDNA was 

stained with EtBr at a ratio of 1:10 (EtBr: DNA molar ratio). Polymer stabilized 

AgNPs/pDNA complexes at different weight ratios were added to this EtBr/DNA solution. 
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After incubation at room temperature for 30 min, fluorescence intensity of the solution was 

recorded by Synergy HT multimode microplate reader (BioTek Instrument) with excitation 

and emission wavelengths of 510 and 605 nm, respectively. The fluorescence intensity of 

EtBr in the absence of DNA was considered as blank and the relative fluorescence intensities 

of EtBr/DNA solution in the presence of the nanoparticles were measured after subtracting 

the blank values. The effect of RGDS peptide concentration on DNA complexation ability of 

the polymer stabilized AgNPs was also assessed. 

2.7 In vitro cytotoxicity assay 

In vitro cytotoxicity of the different AgNP/pDNA complexes in HeLa and A549 cells 

was assessed by MTT assay. Cells were cultured in DMEM supplemented with 10% FBS. 

35 10× cells/well were seeded in 96-well plate for 24 h. Thereafter, the cells were treated with 

the polymer stabilized AgNP/pDNA complexes at different weight ratios and compared with 

PEI/pDNA complex at N/P ratio (nitrogen to phosphate ratio) 10 as a positive control. The 

effect of RGDS peptide concentration on cell toxicity of polymer stabilized AgNPs was also 

observed. After 24 h of treatment, 20 µl of MTT solution (5 mg/mL) in 80 µL DMEM culture 

medium was added to each well and incubated for 4 h in the CO2 incubator. The medium was 

replaced with 100 µL DMSO to dissolve the formazan crystals. The absorbance was 

measured at 570 nm using the microplate reader. The cell viability (%) was determined by the 

following equation: 

570 ( )

570 ( )

  (%) 100
sample

control

OD
Cell viability

OD
= ×  

Page 9 of 33 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

where OD570(sample) and OD570(control) represent the absorbance values from the wells treated 

with medium containing nanoparticles and fresh growth medium only, respectively. All data 

are reported based on three measurements. 

2.8 In vitro transfection studies 

Cells were seeded in 24 well plate at a density of 45 10×  cells/well in 0.5 mL of 

complete and culture medium and cultured until 70-80% confluency was reached. CTS-g-

PAAm@AgNP/pDNA, PEG/CTS-g-PAAm@AgNP/pDNA and RGDS-decorated PEG/CTS-

g-PAAm@AgNP/pDNA complexes at different weight ratios were freshly prepared, as 

described above, prior to the transfection. Polymer functionalized AgNP/pDNA complexes at 

different weight ratios (1:1, 2:1, 4:1, 6:1, 8:1 and 10:1) were added into individual wells. 1 µg 

DNA was used for each well. The transfection media was replaced by fresh complete 

medium after 6 h. Naked pDNA and PEI/pDNA (N/P= 10) were used as negative and 

positive controls, respectively. The green fluorescence protein (GFP) expression of the 

transfected cells was observed after 48 h of transfection using a fluorescence microscope 

(Olympus IX53, Japan). The transfection efficiency was further quantified by fluorescence-

activated cell sorting (FACS, Becton-Dickinson) analysis. 10
4 

events were counted for each 

sample. 

2.9 Intracellular kinetics 

The cellular uptake pathways of complexes were characterized by studying 

trasnfection at low temperature or in the presence of endocytic inhibitors. To block the 

energy-dependent endocytosis, the cellular uptake study was performed at 4
o 

C during the 6 h 

period. Alternatively, cells were pre-incubated with endocytic inhibitors including genistein 

(100 mg/mL), amiloride (10 mg/mL), and chlorpromazine (10 mg/mL) for 1 h prior to the 
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addition of polymer stabilized AgNP/pDNA complexes. PEG/CTS-g-PAAm@AgNP/pDNA 

and RGDS decorated (10 wt% RGDS) PEG/CTS-g-PAAm@AgNP/pDNA complexes at 

weight ratio of 10:1 containing 1 µg DNA were transfected in both HeLa and A549 cells. The 

effect of exogenous RGDS peptide (100 nmol/l) on transfection efficiency of RGDS peptide 

decorated nanoparticles was also observed. The cellular uptake level was determined by flow 

cytometry 24 h post transfection, as described above. 

2.10 Cellular uptake and intracellular distribution  

In order to track the cellular uptake of the DNA inside cells, pDNA was first labeled 

with Cy3 according to the protocol of Label IT
R
 Tracker

TM
 intracellular nucleic acid 

localization kit (Mirus Bio, USA). HeLa cells were seeded on cover-glass slides in 12.5 mm 

diameter in 24 well plates at a density of 51 10×  cells/well and cultured for 24 h.  Cells were 

incubated with CTS-g-PAAm@AgNP/pDNA, PEG/CTS-g-PAAm@AgNP/pDNA and 

RGDS decorated (10 wt% RGDS) PEG/CTS-g-PAAm@AgNP/pDNA complexes at weight 

ratio of 10:1 containing 1 µg Cy3-labeled pDNA for 6 h. PEI/pDNA complex (N/P ratio 

10:1) was used as positive control. The cells were washed with PBS and fixed with 3.7% 

(w/v) formaldehyde for 30 min and stained with diamidino phenylindole (DAPI) for 10 min. 

The intracellular distribution of complexes was imaged by confocal laser scanning 

microscopy (CLSM; Leica TCS Sp5). 

2.11 Statistical analysis 

All the data are presented as mean ± standard deviation. Statistical differences were 

calculated using a one-way ANOVA and differences were considered significant for p values 

less than 0.05. 
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3. Results and discussion 

3.1 Synthesis and characterization of silver nanoparticles 

Water soluble chitosan was prepared by grafting polyacrylamide with chitosan 

through free radical polymerization using ammonium persulphate (APS) as initiator (Figure 

1). As shown in inset of Figure 2, the color of CTS-g-PAAm@AgNP and PEG/CTS-g-

PAAm@AgNP solution changed from colorless to wine red to deep red with the progress of 

reaction time, which indicates the formation of AgNPs
36

. The synthesis of AgNPs was further 

confirmed by measuring the surface plasmon resonance (SPR) bands of respective CTS-g-

PAAm@AgNP and PEG/CTS-g-PAAm@AgNP solutions at different time intervals using 

UV-visible spectroscopy (Figure 2). The characteristic SPR bands of silver were obtained for 

CTS-g-PAAm@AgNPs at 425 nm which confirm the formation of AgNPs.
37

 The peak was 

shifted to 417 nm in PEG/CTS-g-PAAm@AgNPs. For PEG/CTS-g-PAAm@AgNP system, 

the characteristic SPR band appeared within 5 min of start of the reaction compared to that of 

CTS-g-PAAm@AgNP system wherein the peak appeared after 15 min. Recently, Ahmad et 

al. prepared AgNPs by chitosan dissolved in aqueous acidic solution and the SPR band 

appeared after 1 h.
38

 In acidic pH, the lone pair of electrons on both nitrogen and oxygen 

atoms are less available for reduction of silver ion and resulting in longer time to form 

AgNPs. In contrast, water soluble chitosan formed AgNPs rapidly due to absence of such an 

impediment and hence this route is more economical. The intensity of the SPR band was 

much higher for the PEG modified particle after 2 h of reaction indicating that the rate of 

reduction by CTS-g-PAAm in conjugation with PEG was faster compared to CTS-g-PAAm 
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alone. In PEG/CTS-g-PAAm@AgNP system, both the PEG molecules and CTS-g-PAAm 

copolymer participated in the reduction process whereas only CTS-g-PAAm copolymer 

reduced the silver ion in CTS-g-PAAm@AgNP system. The color intensity of the solution of 

PEG/CTS-g-PAAm@AgNP was much higher than that of CTS-g-PAAm@AgNP solution 

(Figure 2). 

The particle size and morphology of the AgNPs are shown in Figure S1. From DLS 

(Figures S1a-S1d), it was found that PEG/CTS-g-PAAm system yielded nanoparticles with 

unimodal size distribution of 38 ± 4 nm (Figure S1c). In contrast, CTS-g-PAAm copolymer 

alone yielded particles with bimodal distribution of sizes 68±5 nm and 7±4 nm with PDI 

(polydispersity index) value of 0.43 (Figure S1a). It was also found that the CTS-g-

PAAm@AgNPs were more stable with unimodal distribution and low PDI value (0.28) in the 

presence of PEG even after 30 days. After 30 days, the particle size of PEG/CTS-g-

PAAm@AgNPs remained nearly unchanged at 40±2 nm (Figure S1d) whereas CTS-g-

PAAm@AgNPs aggregated to form bigger particles of size 140±25 nm (Figure S1b). The 

particle size of AgNPs determined by DLS was slightly larger compared to TEM images as 

DLS measures hydrodynamic diameter in contrast to TEM which images the dried 

nanoparticles. Previously, PEG has been used to enhance the blood circulation stability of 

nonviral carriers which is an important consideration for successful gene therapy.
39-41

 From 

the TEM images, it was also found that the AgNPs were spherical in shape for both systems 

but the particle size of CTS-g-PAAm@AgNPs was larger than PEG stabilized CTS-g-

PAAm@AgNPs corroborating the findings from DLS. TEM images also showed that CTS-g-

PAAm@AgNPs aggregated after 30 days whereas PEG stabilized CTS-g-PAAm@AgNPs 

remained unchanged in size and shape. 
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3.2 Preparation of AgNP/pDNA complexes 

DNA binding capability of AgNPs was confirmed by agarose gel electrophoresis and 

EtBr assay as shown in Figure S2. From Figure 4b, it was observed that PEG/CTS-g-

PAAm@AgNPs was able to bind all DNA at 10:1 weight ratio (polymer AgNP: DNA weight 

ratio) whereas some unbound DNA remained in the lane of CTS-g-PAAm@Ag/pDNA 

complex at the same weight ratio (Figure S2a). AgNPs were more stable with smaller particle 

size in presence of PEG molecule even after 30 days and as a result PEG stabilized AgNPs 

showed better DNA complexation capability due to availability of more surface area 

compared to that of aggregated CTS-g-PAAm@AgNPs. The binding capacity of AgNPs with 

pDNA was further evaluated using the EtBr assay. In this assay, EtBr intercalates in the 

specific sites of DNA and gives strong fluorescence signal. Any strong cationic compound 

such as the carrier developed herein may replace EtBr from DNA/EtBr complex as it is a 

reversible interaction. As a consequence, the fluorescence intensity is lowered due to the 

displacement of EtBr by the incoming cationic compound. The relative decrease in the 

intensity of the decrease in fluorescence from the DNA/EtBr complex with the addition of the 

carrier is taken as a measure of its DNA binding capability. Figure S2c shows that the 

maximum fluorescence intensity was obtained from the DNA/EtBr complex alone but the 

fluorescence intensity gradually decreased upon addition of the polymer coated AgNPs to the 

solution containing the DNA/EtBr complex. The fluorescence intensity significantly 

decreased with PEG/CTS-g-PAAm@AgNPs, and attained a constant value (~ 10%) with 

further increase of weight ratio beyond 6:1 weight ratio. However, CTS-g-PAAm@AgNPs 

were not as effective in replacing the EtBr from DNA/EtBr complex reaching a relative 

intensity value of ~20% even at higher weight ratio of 10:1. Thus, these results suggest that 
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the PEG/CTS-g-PAAm@AgNP exhibit higher DNA binding capacity even at low 

concentration and corroborate the findings from gel electrophoresis.  

 

 

3.3 Size and zeta potential of AgNP/pDNA complexes 

The particle size of the AgNPs was measured after complexation with pDNA. The 

particle size and zeta potential of AgNP/pDNA are shown in Figures 3a and 3b, respectively. 

It was found that the size of both nanoparticles increased after complexation with pDNA 

compared to the uncomplexed nanoparticles. However, the particle size gradually decreased 

with increase in the weight ratio and the average particle size of PEG/CTS-g-

PAAm@AgNP/pDNA complex at 10:1 weight ratio was 100-150 nm. The size of CTS-g-

PAAm@Ag/pDNA complex was larger (250-300 nm) at the same weight ratio (Figure 3a), 

which may be attributed to the aggregation of CTS-g-PAAm@AgNPs. 

The overall zeta potential of polymer/pDNA complex is known to affect cellular 

uptake of the complexes through electrostatic interaction between the overall net positive 

charge of polymer/DNA complex and negatively charged cell surface. The zeta potential of 

the various AgNPs/pDNA complexes was measured at different weight ratios, as shown in 

Figure 3b. From Figure 3b, it was found that the zeta potential of both AgNP/pDNA 

complexes was negative below 4:1 weight ratio which indicates incomplete DNA 

complexation. The zeta potential of both complexes increased with increase in weight ratios 

and became constant above 8:1 weight ratio. PEG/CTS-g-PAAm@AgNP/pDNA complex 

showed highest zeta potential of 30.5 ± 2.9 mV at weight ratio 10:1 whilst CTS-g-

PAAm@Ag/pDNA complex showed only 15.4 ± 2.1 mV at the same weight ratio. 
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3.4 Effect of RGDS immobilization on AgNP/pDNA complexes 

RGDS peptide at different concentration such as 1%, 3%, 6% and 10% was 

immobilized on PEG/CTS-g-PAAm@AgNPs to improve the uptake and resultant 

transfection efficiency (Figure 1). The binding ability of RGDS peptide decorated PEG/CTS-

g-PAAm@AgNPs with pDNA at weight ratio of 10:1 was evaluated using the EtBr assay for 

the carrier modified with different RGDS concentration (1%, 3%, 6% and 10%) as shown in 

Figure 3c. It was found that there were no marked differences in DNA binding before and 

after immobilization of the RGDS peptide on PEG/CTS-g-PAAm@AgNPs even at higher 

RGDS content. Thus, RGDS modification of the polymer coated AgNPs did not compromise 

the DNA binding ability of the carrier. The particle size and zeta potential of PEG/CTS-g-

PAAm@AgNP/pDNA complexes (Figure 3d) also remained unchanged with PDI value of 

0.31 even at high RGDS peptide content. TEM image (Figure 3e) of RGDS decorated 

PEG/CTS-g-PAAm@AgNP/pDNA complex at 10% peptide content shows that the complex 

was spherical in shape and its size increased after DNA complexation compared to the 

uncomplexed PEG/CTS-g-PAAm@AgNPs. 

3.5 In vitro cytotoxicity 

The cytotoxicity of AgNP/pDNA complexes at different weight ratios was evaluated 

in HeLa (Figure 4a) and A549 cells (Figure 4b) using MTT assay. These are some common 

cell lines widely used in this field to characterize efficiency and cytotxicity of novel carriers 

for gene trasnfection. Cells without exposure to the nanoparticles were used as the control 

and the resultant viability was taken as 100%. From Figures 4a and 4b, it can be seen that 
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both cell lines exhibited higher than 80% viability in the presence of PEG/CTS-g-

PAAm@AgNP/pDNA complex even at high weight ratio. In previous studies, it was reported 

that small AgNPs are more toxic compared to that of larger particles.
42, 43

 In another study, 

Chen et al.
44

 observed that the acute oral toxicity in mice was strongly dependent on the 

particle size distribution and the smallest particles showed highest toxicity. In this work, the 

particle size of the AgNPs was 100-150 nm, which is in the optimal size range as proposed by 

previous studies and thus likely resulted in low toxicity.  However, CTS-g-

PAAm@AgNP/pDNA complex showed marginally higher toxicity compared to that of 

PEG/CTS-g-PAAm@AgNP/pDNA complex at all weight ratios although the toxicity of both 

AgNPs/pDNA complexes increased with increase in carrier/DNA weight ratios. The higher 

toxicity of CTS-g-PAAm@AgNP/pDNA complex may be attributed to the increased 

aggregation of CTS-g-PAAm@AgNPs on the cellular membrane. The PEI/pDNA complex at 

N/P ratio 10 was more toxic compared to both AgNPs/pDNA complexes wherein the cell 

viability was less than 60%. Strong electrostatic interaction between the positive charge of 

primary amine groups of PEI and the negatively charged cell membrane may disrupt the cell 

membrane and thereby its functions by aggregating on the cell surface.
45

  

The cytotoxicity of RGDS peptide decorated PEG/CTS-g-PAAm@AgNP/pDNA 

complex at AgNP/pDNA weight ratio of 10:1 with different peptide concentrations such as 

1%, 3%, 6% and 10% was also evaluated by MTT assay on both cell lines as shown in Figure 

4c. It was found that there was no significant change in toxicity of PEG/CTS-g-

PAAm@AgNP/pDNA complex before and after RGDS peptide immobilization. 

3.6 In vitro transfection efficiency 

The transfection efficiency of CTS-g-PAAm@AgNP/pDNA and PEG/CTS-g-

PAAm@AgNP/pDNA complexes at different weight ratios ranging from 1:1 to 1:10 was 
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studied in HeLa and A549 cells. pDNA was used as the negative control and PEI (25 

kDa)/pDNA complex at N/P ratio 10 served as the positive control.
46

 As shown in Figure S3, 

PEG/CTS-g-PAAm@AgNP/pDNA complexes (Figure S3b1-S3b4) showed better 

transfection efficiency compared to that of CTS-g-PAAm@AgNP/pDNA complexs (Figure 

S3a1-S3a4) in HeLa cells. It was found that the fraction of GFP positive cells increased with 

increase in AgNP/pDNA weight ratio. The transfection efficiency of PEG/CTS-g-

PAAm@AgNP/pDNA complex at weight ratio of 10:1 was significantly increased after 

immobilization of RGDS peptide (Figure S3c1-S3c4) and further increased with the increase 

in peptide content. The maximum fraction of GFP positive cells were obtained at 10% 

peptide content (Figure S3c4) which was higher than that of PEI at N/P ratio of 10 (Figure 

S3d2). The transfection efficiency followed the same trend in A549 cell line (Figure S4) 

although the fraction of GFP positive cells at all weight ratios of AgNP/pDNA complexes 

was lower compared to that of HeLa cells even in the presence of RGDS peptide. There was 

no discernable change in cellular morphology of both cell lines after transfection compared to 

untransfected cells. 

The transfection efficiency of the various polymer stabilized AgNP/pDNA complexes 

at different weight ratios in HeLa and A549 cells was quantified by flow cytometry as shown 

in Figure 5. It was observed that the transfection efficiency of both AgNP/pDNA complexes 

increased gradually with increase in the AgNP/pDNA weight ratio although the transfection 

efficiency of PEG/CTS-g-PAAm@AgNP/pDNA complexes was higher compared to that of 

CTS-g-PAAm@AgNP/pDNA complexes at all weight ratios. PEG/CTS-g-

PAAm@AgNP/pDNA complex at weight ratio of 10:1 showed ~15% transfection efficiency 

whereas CTS-g-PAAm@AgNP/pDNA complex showed only ~5% efficiency at the same 

weight ratio against HeLa cell line (Figure 5a). The transfection efficiency of both kinds of 
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polymer stabilized AgNP/pDNA complexes at the same weight ratio was only ~6% and 

~2.5%, respectively against A549 cell line (Figure 5b). Here, the particle size of AgNP 

played an important role in transfection efficiency. It was found the PEG/CTS-g-PAAm 

formed smaller particles compared to that of CTS-g-PAAm alone and resulted higher 

transfection efficiency. Previous studies reported that the particle size of 100-200 nm result in 

good transfection efficiency.
16, 35

 The transfection efficiency of PEG/CTS-g-

PAAm@AgNP/pDNA complexes was significantly increased after immobilization of RGDS 

peptide on PEG/CTS-g-PAAm@AgNPs in both cell lines corroborating the results from 

fluorescence microscopy reported above. Previous reports showed that the conjugation of 

RGD peptide to nonviral carriers significantly increases the transfection efficiency.
28-30

 The 

presence of net positive charge on carrier/pDNA complex is believed to facilitate nonspecific 

interaction with negatively charged cell membrane through electrostatic interaction followed 

by internalization into the cell. Conjugation of the integrin binding sequence RGD peptide 

improves uptake and reduces the nonspecific cellular internalization resulting in higher 

transfection efficiency. The transfection efficiency of PEG/CTS-g-PAAm@AgNP/pDNA 

complex at weight ratio of 10:1 reached 43% and 32% in HeLa and A549 cells, respectively, 

whereas PEI at N/P ratio of 10 showed only 34% and 23% efficiency, respectively. 

3.7. Cellular uptake pathways 

The cytoplasmic compartment is a major barrier and the gene transfection efficiency 

of a nonviral vector depends on the intracellular kinetics such as internalization pathway and 

endosomal escape mechanism.
47

 We studied the intracellular kinetics of undecorated and 

RGDS decorated PEG/CTS-g-PAAm@AgNPs in the presence of different known 

endocytotic inhibitors such as chlorpromazine (to inhibit clathrin mediated endocytosis, 

CME), genistein (to inhibit caveolae mediated endocytosis) and amiloride (to inhibit 
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macropinocytosis). The transfection was also carried out at low temperature (4
o
 C) to study 

energy dependence of the uptake and in the presence of soluble RGDS peptide to elucidate 

the role, if any, of integrin receptors in the uptake leading to transfection.  

Figure S5a shows that the transfection efficiency of undecorated PEG/CTS-g-

PAAM@AgNP/pDNA complexes was significantly attenuated in the presence of 

chlorpromazine and remained largely unaffected in the presence of exogenous RGDS in both 

HeLa and A549 cells indicating that CME was the primary pathway in its uptake. 

Interestingly, the transfection was significantly reduced by genistein and soluble RGDS 

peptide for the RGDS modified PEG/CTS-g-PAAM@AgNPs (Figure S5b). This indicates 

that the cellular uptake was mediated by the caveolae-dependent pathway and involved 

engagement of integrin receptors. It is also observed that the cellular uptake was energy 

independent and was not mediated by macropinocytosis. Previous reports reveal that if the 

cellular uptake of a nonviral carrier occurs through CME pathway, the complex has to pass 

through acidic and degradative lysosomal compartment leading to reduced transfection 

efficiency.
48

 It is reported that ligand conjugation may endow the vector-specific receptors 

targeting capability and reduce non-specific contact delivery function.
49

 Higher transfection 

efficiency of RGDS decorated PEG/CTS-g-PAAM@AgNPs can be attributed to the cellular 

uptake by caveolae-mediated endocytosis and binding to the integrin.  

3.8. Intracellular distribution 

To observe the intracellular uptake of pDNA complexed with PEG/CTS-g-

PAAm@AgNPs at weight ratio of 10:1 in presence and absence of RGDS conjugation, 

transfection experiments were performed by live cell imaging using Cy3 labeled DNA (red) 

in HeLa cells (blue nuclei), as shown in Figure S6. There was no red fluorescence around the 

nucleus with Cy3 labeled DNA alone, which was used as the negative control (Figure S6a1). 
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However, a few fluorescent red particles were observed for PEG/CTS-g-PAAm@AgNPs 

(Figure S6b1). The number of red particles was markedly increased for RGDS conjugated 

PEG/CTS-g-PAAm@AgNPs (Figure S6c1) compared to PEI (25 kDa) used as positive 

control (Figure S6d1). For PEG/CTS-g-PAAm@AgNP/pDNA complex, most of the pDNA 

remained in the cytoplasm after 4 h of transfection resulting in lower transfection efficiency. 

In contrast, most of DNA particles were found to have reached the cell nuclei when RGDS 

decorated PEG/CTS-g-PAAm@AgNP/pDNA complexes (Figure S6c3) were used and even 

more so compared to the PEI/pDNA complexes (Figure S6d3). These trends in colocalization 

of pDNA and the nucleus closely follow the trends in transfection efficiency of the different 

carriers studied herein and thus elucidate the underlying mechanism resulting in higher 

transfection efficiency of the RGDS decorated PEG/CTS-g-PAAm@AgNP/pDNA 

complexes.  

The immobilization of RGDS on PEG/CTS-g-PAAm@AgNPs imparts cell targeting 

capability of recognizing and binding to the integrin receptor and consequently enhancing the 

cellular uptake followed by higher transfection efficiency. Previously, Chen et al.
50

 also 

showed the enhancement of siRNA delivery of liposome after conjugation of RGD peptide 

with liposome. In another study, Singh et al.
51

 showed that the surface functionalization of 

poly-(lactide-co-glycolide) nanoparticle by RGD peptide enhanced the nanoparticle delivery 

to the neovascular eye compared to the unmodified nanoparticles.  

The use of AgNPs in wound healing and cancer treatment has been proposed in recent 

years. As proof of principle we demonstrate in this study that AgNPs may be modified for 

gene therapy with minimal cytotoxicity. Such AgNP-based non-viral carriers could be 

developed for use in gene therapy wherein the anti-cancer, anti-microbial and anti-

inflammatory properties of the particles can be further augmented by targeted delivery of 
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known therapeutic genes for cancer treatment and wound healing.
52, 53

 Further studies are 

warranted to not only evaluate its efficacy for treatment of such diseases but also to fully 

characterize potential concerns of cytotoxicity, genotoxicity and elimination from the human 

body prior to safe clinical use.  

 

 

4. Conclusions 

AgNPs were synthesized by a one-pot, facile green synthesis method using water 

soluble CTS-g-PAAm copolymer. The synthesized nanoparticles remained stable up to 30 

days after PEG modification. It was found that the DNA complexation capability of polymer 

modified AgNPs increases with increase in the AgNP/pDNA weight ratio. PEG stabilized 

nanoparticles showed enhanced DNA complexation. The transfection efficiency of AgNPs 

was significantly increased compared to that of PEI after RGDS immobilization on AgNPs 

with minimal toxicity. Therefore, RGDS decorated PEG/CTS-g-PAAm AgNPs may be used 

as an efficient nonviral carrier in gene therapy to augment the efficacy of medical products 

and therapies utilizing AgNPs to treat different diseases. 
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Figure captions  

Figure 1: Schematic representation of preparation of biofunctionalized AgNPs and the 

resultant receptor mediated cellular uptake and transfection. 

Figure 2: Ultraviolet-visible absorption spectra of CTS-g-PAAm@AgNPs (a) and 

PEG/CTS-g-PAAm@AgNPs (b) at different reaction times (15, 30, 45, 60, 90 and 120 min). 

Figure 3: Average particle size (a) and zeta potential (b) of CTS-g-PAAm@AgNP/pDNA 

complex and PEG/CTS-g-PAAm@AgNP/pDNA complex at different AgNP/pDNA weight 

ratios (1:1, 2:, 4:1, 6:1, 8:1 and 10:1). EtBr displacement assay of AgNPs with different 

weight ratios of AgNPs to pDNA. Effect of RGDS peptide content on EtBr displacement 

assay (c) and particle size and zeta potential (b) of PEG/CTS-g-PAAm@AgNP/pDNA 

complex at AgNP/pDNA weight of 10:1. TEM image of RGDS decorated (10% content) 

PEG/CTS-g-PAAm@AgNP/pDNA complex at AgNP/pDNA weight of 10:1 (d). 

Figure 4: In vitro cell viability of CTS-g-PAAm@AgNP/pDNA complex and PEG/CTS-g-

PAAm@AgNP/pDNA complex on HeLa cell (a) and A549 cell (b) at different AgNP/pDNA 

weight ratios (1:1, 2:, 4:1, 6:1, 8:1 and 10:1). Effect of RGDS peptide content on viability of 

both HeLa and A549 cells of PEG/CTS-g-PAAm@AgNP/pDNA complex at AgNP/pDNA 

weight of 10:1 (c). 

Figure 5: Representative flow cytometric analysis of GFP-expressing HeLa cells (a) and 

A549 cells (b) by CTS-g-PAAm@AgNP/pDNA and PEG/CTS-g-PAAm@AgNP/pDNA 

complexes at AgNP/pDNA weight ratios 1:1, 2:1, 4:1, 6:1, 8:1 and 10:1.  The effect of RGDS 

peptide content on transfection efficiency of PEG/CTS-g-PAAm@AgNP/pDNA complex at 

AgNP/pDNA weight of 10:1 (c). 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Polymer coated and peptide modified silver nanoparticles were synthesized for use as carriers 

for gene delivery  
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