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Abstract: The application of RNA interference techniques is promising in gene therapeutic 

approaches, especially for cancers. To improve safety and efficiency of small interfering RNA 

(siRNA) delivery, a triblock dendritic nanocarrier, polyamidoamine-polyethylene glycol-cyclic 

RGD (PAMAM-PEG-cRGD), was developed and studied as an siRNA vector targeting the 

human ether-à-go-go-related gene (hERG) in human anaplastic thyroid carcinoma cells. Structure 

characterization, particle size, zeta potential, and gel retardation assay confirmed that complete 

triblock components were successfully synthesized with effective binding capacity of siRNA 

in this triblock nanocarrier. Cytotoxicity data indicated that conjugation of PEG significantly 

alleviated cytotoxicity when compared with unmodified PAMAM. PAMAM-PEG-cRGD exerted 

potent siRNA cellular internalization in which transfection efficiency measured by flow cytometry 

was up to 68% when the charge ratio (N/P ratio) was 3.5. Ligand-receptor affinity together with 

electrostatic interaction should be involved in the nano-siRNA endocytosis mechanism and we 

then proved that attachment of cRGD enhanced cellular uptake via RGD-integrin recognition. 

Gene silencing was evaluated by reverse transcription polymerase chain reaction and PAMAM-

PEG-cRGD-siRNA complex downregulated the expression of hERG to 26.3% of the control 

value. Furthermore, gene knockdown of hERG elicited growth suppression as well as activated 

apoptosis by means of abolishing vascular endothelial growth factor secretion and triggering 

caspase-3 cascade in anaplastic thyroid carcinoma cells. Our study demonstrates that this novel 

triblock polymer, PAMAM-PEG-cRGD, exhibits negligible cytotoxicity, effective transfection, 

“smart” cancer targeting, and therefore is a promising siRNA nanocarrier.

Keywords: small interfering RNA, dendrimer, gene silencing, human ether-à-go-go-related 

gene, anaplastic thyroid cancer

Introduction
Small interfering RNA (siRNA) is double-stranded RNA with a sequence of 20–25 base 

pairs, participating in RNA interference (RNAi), which modulates expressions of 

targeted genes specifically.1 The application of RNAi techniques for prospective 

cancer gene therapy has received enormous research devotions.2 However, cytotoxic 

insecurity and ineffective transport of siRNA for mammalian cells are major limitations 

hindering siRNA therapeutic applications.3 Recent advances in nonviral vectors such 

as cationic polymers or dendrimers give us some hope in overcoming some of the 

obstacles for efficient siRNA delivery.
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Polyamidoamine (PAMAM) dendrimer and its derivatives 

are nanometer-sized polymers with cationic surface 

environments, which enable electrostatic interactions and 

complexations to nucleic acids, like siRNA.4 By virtue of its 

specific spherical architecture PAMAM provides multivalent 

conjugations to cellular surfaces, leading to stronger 

permeability and more siRNA cargo. As a versatile nanocarrier, 

PAMAM evidently shows its superiorities, which have 

been proved by previous research reports, revealing an effective 

and powerful delivery system in multiple cell lines.5–8

Anaplastic thyroid carcinoma (ATC) is the most aggressive 

malignancy in thyroid cancers and ATC manifests rapid 

progression, high invasiveness, and early occurrence of 

metastasis, resulting in a poor prognosis.9 For ATC, inaccessibility 

to early diagnosis, and resistance to radiation and chemotherapy 

are factors handicapping therapeutic strategies; it is therefore 

urgent to seek for new and potent therapeutic targets.

Human ether-à-go-go-related gene (hERG), a member of 

the ether-à-go-go (EAG) family, encodes specific K+ channels.10 

hERG-dependent K+ channels, found in various cancerous 

tissues such as renal neoplasm,11 neuroblastoma,12 leukemic 

cells,13 and breast carcinoma,14 are broadly relevant to cell pro-

liferation, apoptosis, differentiation, invasion, and metastasis.15

Integrin, well known for its overexpression in plenty of 

cancer cells, induces adhesion between cell and extracellular 

matrix (ECM) by specific recognition of Arg-Gly-Asp 

sequences in the ECM.16 Cyclic RGD peptide (cRGD) 

selectively binds integrin protein and may act as a blocker 

for the pathogenesis of cancer invasion and angiogenesis.17,18 

Cilengitide, a cRGD targeting integrin, has undergone a 

Phase III clinical trial by Merck and Co., Inc, Whitehouse 

Station, NJ, USA.19–21 Moreover, successful examples 

have confirmed that bioconjugation of dendrimers and 

cRGD facilitates cellular uptake of therapeutic agents or 

nanoparticles in cancer cells.22–24

Based on this background, in the present study we aimed 

to design and synthesize a multivalent nanocarrier, PAMAM- 

polyethylene glycol-cRGD (PAMAM-PEG-cRGD), with 

three independent blocks, in which PAMAM offered a 

cationic environment for siRNA binding, PEG improved 

biocompatibility, and cRGD enhanced endocytosis in tumor 

cells. The antitumor effects of hERG silencing in ATC were 

also investigated.

Material and methods
Materials
PAMAM generation 4.0 dendrimer (molecular weight [MW] 

14,214 Da, 64 amide end groups), 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT), L-glutamine, penicillin, 

streptomycin, ethidium bromide, 4,6-diamidino-2-phenylindole 

(DAPI), and poly(L-lysine) (PLL) were purchased from 

Sigma-Aldrich (St Louis, MO, USA). cRGD (MW = 595 Da) 

was synthesized from GL Biochem Company (Shanghai, 

People’s Republic of China). N-hydroxysulfosuccinimide-PEG-

maleimide (NHS-PEG-MAL, MW = 5000 Da) was designed 

by Nanocs Inc (Boston, MA, USA). β-mercaptoethanol 

(MW = 78.1 Da), goat anti-hERG polyclonal antibody, goat 

anti-vascular endothelial growth factor (VEGF) polyclonal 

antibody, and anti-goat second antibody were purchased 

from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). 

Rabbit anti-cleaved caspase-3 polyclonal antibody and anti-

rabbit second antibody were products of Cell Signaling Inc 

(Danvers, MA, USA). Roswell Park Memorial Institute (RPMI)-

1640 medium, serum free OptiMEM® medium, and 10% fetal 

bovine serum were obtained from Life Technologies (Carlsbad, 

CA, USA). siRNA targeting hERG, carboxyfluorescein (FAM)-

labeled siRNA, and negative control siRNA were synthesized 

from GenePharma Inc (Shanghai, People’s Republic of 

China). The sequences of these siRNA were: hERG siRNA, 

5′-GAUAGGCAAACCCUACAACTT-3′; FAM-labeled siRNA, 

5′-UUCUCCGAACGUGUCA CGUTT-3′; and negative control 

siRNA, 5′-UUCUCCGAACGUGUCACGUdTdT-3′. The 

human ATC HTC/3 cell line was provided by the cell bank of the 

Institute of Biochemistry and Cell Biology, Chinese Academy 

of Sciences (Shanghai, People’s Republic of China). All other 

chemical reagents were purchased from Guangzhou Chemical 

Reagent Factory (Guangzhou, People’s Republic of  China) and 

were analytical grade or better unless otherwise stated.

Preparation of PAMAM-PEG-cRGD
NHS-PEG-MAL (50 mg, 10 µmol) was added to a stirred 

solution of cRGD (5.95 mg, 10 µmol) in a 0.1 M sodium 

acetate–acetic acid buffer (pH  =  6.0). After stirring for 

5  minutes at room temperature, PAMAM generation 4.0 

dendrimer (3.55 mg, 0.25 µmol) was vigorously mixed into 

the reaction mixture, followed by an additional 24-hour 

reaction. β-mercaptoethanol 5  µL was then dropped into 

the mixture and stirred for another 1 hour, adjusting the pH 

of the reacting system to 7.0. Solvents were removed under 

reduced pressure and the resulting product of PAMAM-

PEG-cRGD was yielded. Next, the product was dissolved 

in distilled water and purified by extensive dialysis using a 

dialysis membrane (MW cutoff = 30,000 Da) (Spectra/Por; 

Spectrum Laboratories Inc, Rancho Dominguez, CA, USA) 

against deionized water. After vacuum freeze drying, 

PAMAM-PEG-cRGD as a white solid was obtained.
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Proton nuclear magnetic resonance 
(1H NMR)
1H NMR was analyzed by an Avance 400  MHz NMR 

Spectrometer (Bruker BioSpin International AG., Aegeristrasse, 

Zug, Swizerland). The chemical shift was interpreted as parts per 

million (ppm) by using a reference of D
2
O (4.8 ppm) solvent peak. 

The structure of PAMAM-PEG-cRGD, degree of PEGylation, 

and conjugation of cRGD were confirmed by 1H NMR.

Preparation of nano-siRNA complexes 
and gel retardation assay
Nano-siRNA complexes (PAMAM-siRNA and PAMAM-

PEG-cRGD-siRNA) were prepared by mixing siRNA and 

cationic dendrimers in water at various N/P (amine/phosphate) 

ratios from 0–3 for 30 minutes at room temperature. Samples 

were then dissolved in phosphate-buffered saline (PBS) 

and subjected to 4% agarose gel electrophoresis at 100 V 

for 60  minutes in Tris-borate-ethylenediaminetetraacetic 

acid (EDTA) (TBE) buffer with ethidium bromide at a 

concentration of 5  µg/mL. Using free naked siRNA as 

a negative control, bands of siRNA were checked and 

photographed under ultraviolet light.

RiboGreen® assay of nano-siRNA 
complexes
After the formation of nano-siRNA complexes by the previous 

step, samples were then diluted with Tris-EDTA buffer (pH 

7.5), and the final siRNA concentration of 0.2 µg siRNA/40 µL 

buffer was set by adjusting the amount of dendrimer according 

to the desired N/P ratio (0–3). Next, a 2  mL solution of 

nano-siRNA complex in each sample was transferred to a 

cuvette followed by the addition of 1 mL of RiboGreen (Life 

Technologies) reaction dye. After 5 minutes of incubation under 

dark conditions, the intensity of fluorescence was recorded 

using Picofluor fluorometer (Molecular Probes Inc, Eugene, 

OR, USA) at excitation/emission wavelengths of 500 nm and 

525 nm, respectively. The fluorescence intensity of free naked 

siRNA was set as 100%, and relative fluorescence intensity was 

calculated. All experiments were performed in triplicate.

Dynamic light scattering and zeta 
potential analysis
PAMAM-PEG-cRGD was in complex with siRNA in distilled 

water at an N/P ratio ranging from 0.5–3. Particle size  

and zeta potential of the nano-siRNA complexes were 

determined based on dynamic light scattering techniques 

using a Malvern Zetasizer Nano ZS-90 (Malvern Instruments 

Ltd., Malvern, Worcestershire, UK) at room temperature. All 

parameters were measured in three runs and mean values 

were recorded.

Cell culture
The human ATC HTC/3  cells were cultured in RPMI-

1640 medium supplemented with 10% fetal bovine serum, 

L-glutamine (2 mM), and penicillin-streptomycin solution. 

All cell lines were incubated in a humidified atmosphere of 

5% CO
2
 at 37°C and cells only in the exponential growth 

phase were eligible for the following experiments.

Cytotoxicity evaluation of dendrimers 
in HTC/3 cells
MTT assay was used for assessing dendrimer related 

cytotoxicity. HTC/3 cell suspension was centrifuged at 

1000 rpm for 5 minutes before resuspending the cell pellets 

and seeding in a 96-well plate in which cell concentration was 

regulated to 1 × 105/well, and HTC/3 cells were cultivated in 

5% CO
2
 at 37°C overnight. The next day, each cell medium 

was replaced by sample medium containing PAMAM, 

PAMAM-PEG-cRGD, PEG, or cRGD at varying dose levels 

(0, 0.1, 0.5, 1, 5, and 10 µM). Each plate received an overnight 

incubation, after which 50 µL of MTT solution in PBS buffer 

was added to each well for another 4-hour treatment. With 

the supernatant discarded, 200 µL of dimethyl sulfoxide was 

applied to dissolve the formazan precipitate. Optical density 

was recorded at 490 nm in a microplate reader (Bio-Rad, 

Hercules, CA, USA). In control wells, cells received the 

same volume of drug-free fresh media and cell viabilities 

were set as 100%. All parameters were calculated three times 

independently and decrease of viability represented increase 

of cytotoxicity.

Cell transfection and siRNA delivery
PAMAM-siRNA and PAMAM-PEG-cRGD-siRNA were 

assembled at N/P ratios ranging from 1–5 in PBS buffer and 

HTC/3 cells were harvested, set at a density of 1 × 105 cells 

per well prior to in vitro transfection. Then 30 µL of PBS 

buffer containing PAMAM-siRNA, PAMAM-PEG-cRGD-

siRNA, or free siRNA was mixed with 120 µL of serum-

free OptiMEM medium and the final siRNA concentration 

of each sample was set to 100 nM. After incubation for 

8 hours, the transfecting medium was replaced by fresh 

completed RPMI-1640  medium and incubated under 

normal conditions until cells were examined by confocal 

microscopy and flow cytometry. Free naked siRNA was 

used as a negative control.
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Measurements of cellular uptake by 
confocal microscopy and flow cytometry
For measurement of the cellular uptake process, HTC/3 

cells were washed with PBS buffer and fixed with 4% 

paraformaldehyde followed by a 15-minute treatment of DAPI 

after siRNA transfections. Cells were visualized using an Olympus 

FluoView 500 confocal microscope (Olympus Corporation, 

Tokyo, Japan) and FAM fluorescence was monitored, reflecting 

siRNA internalization and distribution in HTC/3 cells.

Transfection efficiency of siRNA in HTC/3  cells was 

determined by flow cytometry, before which HTC/3 cells were 

trypsinized, harvested by centrifugation, and resuspended 

under ice cold management in PBS buffer. For each run, 

1 × 105 cells were analyzed on a FACSCalibur flow cytometer 

(BD Biosciences, Franklin Lakes, NJ, USA) for fluorescence 

of FAM labeled on siRNA. The proportion of FAM positive 

cells in each run was equivalent to the transfection efficiency 

of siRNA.

Gene knockdown assessments
Reverse transcription polymerase chain reaction (RT-PCR) 

was used to verify hERG silencing effects. HTC/3 cells were 

exposed to naked siRNA, PAMAM-siRNA, or PAMAM-

PEG-cRGD-siRNA (final siRNA concentration of 100 nM) 

for transfection. At 24, 48, and 72 hours after transfection, 

total cellular RNA was isolated and synthesis of the hERG 

sequence was subsequently processed employing an ABI PCR 

System 9700 (Applied Biosystems Inc, Carlsbad, CA,USA). 

The following primers for hERG were used: sense strand, 

5′-TCCAGCGGCTGTACTCGGGC-3′; antisense strand, 

5′-TGGACCAGAAGTGGTCGGAG-3′. β-actin was used as 

the internal standard and primer sequences were: sense strand, 

5′-AACTCCATCATG AAGTGTGA-3′; antisense strand, 

5′-ACTCCTGCTTGCTGATCCAC-3′. PCR amplification 

setting was as follows: 95°C for 10  minutes; 94°C for 

30  seconds; 56°C for 45  seconds; 72°C for 45  seconds; 

40 cycles. PCR products were loaded onto 4% agarose gel 

electrophoresis at 80 V for approximately 40 minutes. Gels 

were then treated with ethidium bromide, with bands digitally 

photographed and quantitatively analyzed.

Antiproliferative and apoptosis 
assays for hERG knockdown
Having been treated by nano-siRNA complexes, HTC/3 cells 

were reseeded into a 96-well plate at a parallel density 

of 1  ×  105/well, and each cell medium was substituted 

by RPMI-1640  medium containing fetal bovine serum. 

Another MTT assay was carried out in order to determine the 

antiproliferative activities of hERG silencing. Next, 50 µL of 

MTT solution was added to each well at 24, 48, and 72 hours 

after transfection; cells were then incubated for a further 

4 hours. Dimethyl sulfoxide was added and optical density 

was measured. Cells untreated with siRNA were used as a 

blank control and considered to be 100% viable.

At 72 hours after transfection, the cell suspension was 

mixed thoroughly with 10 µL of fluorescein isothiocyanate-

labeled annexin V and 5  µL of propidium iodide (PI) 

(Becton-Dickinson Inc, Franklin Lakes, NJ, USA) for 

15 minutes at room temperature in the dark. Samples were 

analyzed by FACSCalibur flow cytometer (BD Biosciences). 

In general, early apoptosis cells were identified by annexin V 

staining but not PI (annexin V+/PI-) localizing in the right 

lower quadrant, whereas live cells should be stained neither 

by annexin V nor PI.

Morphologies of HTC/3 cells treated with nano-siRNA 

complexes were also viewed under an Olympus IX51 inverted 

light microscope (Olympus Corporation). All experiments 

were performed in triplicate.

Membrane interaction assay 
for nanocomplexes
We sought to investigate whether specif ic cellular 

ligand–receptor appetency existed in HTC/3  cells through 

the introduction of cRGD to a nanocarrier. Herein we used 

free cRGD as the competitive inhibitor in the cellular uptake 

process. cRGD at concentrations ranging from 0–10 µM were 

added to incubation media prior to siRNA transfection, after 

which transfection efficiencies were tested correspondingly.

Likewise, an electrostatic interaction was also needed for 

further exploration and a free polycationic compound, PLL at 

a concentration of 60 µg/mL, was employed for extrapolating 

the intervention of nanocarrier-related electrostatic effects.

Western blot analysis
At 6 hours after the transfection procedure, HTC/3 cells were 

transferred into a 96-well plate at the scheduled density of 

1 × 105/ well, and cells were administered with fresh medium 

containing 10% fetal bovine serum for further incubation. At 

24, 48, and 72 hours after transfection, total proteins were 

isolated by a lysis buffer (50 mM Tris-HCl, pH 7.4, 1% sodium 

dodecyl sulfate, 1 mM EDTA, 1 mM phenylmethanesulfonyl 

fluoride, 1% Triton X-100, 50 µg/mL leupeptin, 0.28 µg/mL 

aprotinin, and 7 µg/mL pepstatin) and quantified according to 

the protocol of a bicinchoninic acid protein kit (Beyotime Inc, 

Jiangsu, People’s Republic of China). Proteins were separated 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
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at 100 V for approximately 50 minutes, stained with Coomassie 

blue (Beyotime Inc) and transferred onto nitrocellulose 

membranes (Whatman Inc, London, UK) afterwards. The 

immune combination was initiated by incubation of proteins 

with primary antibodies at 4°C overnight. The primary 

antibodies analyzed by Western blotting were: goat anti-hERG 

polyclonal antibody, goat anti-VEGF polyclonal antibody, and 

rabbit anti-cleaved caspase-3 polyclonal antibody. The blots 

were washed thoroughly and conjugated with anti-goat second 

antibody or anti-rabbit second antibody correspondingly. 

Protein bands were ultimately read by an Odyssey Scanning 

System (LI-COR Inc, Lincoln, NE, USA).

Statistics
The data obtained are shown as mean ± standard deviation. 

Statistical comparisons were made by one-way analysis of 

variance or Student’s t-test using the SPSS 18.0  software 

(IBM Corporation, Armonk, NY, USA). A P-value less than 

0.05 was considered to be statistically significance.

Results
Determination and characterization 
of PAMAM-PEG-cRGD
NHS-PEG-MAL, an important compound of the PEG 

provider, is also widely used as a crosslinker,25,26 through 

which PEGlyation was achieved by a steady amide linkage 

with a reaction between primary amino groups in the PAMAM 

surface and NHS terminal, while cRGD was conjugated by a 

specific reaction between sulfhydryl and maleimide groups. It 

should be noted that excessive β-mercaptoethanol should be 

added for blockage of unreacted MAL terminal. The triblock 

conjugate of PAMAM-PEG-cRGD was characterized by 
1H NMR spectrum. Some proton peaks (Figure 1) generated 

from dendrimer (PAMAM), PEG, and cRGD were identified 

as follows: chemical shifts (δ) at 2.20–2.60 (broad, multiple 

peak), 3.75 (single peak), and 6.75–7.30 (broad, multiple 

peak) indicated the existence of PAMAM, PEG, and cRGD, 

respectively.

Both the degree of PEGlyation and amount of cRGD were 

determined by calculating the areas under these proton peaks. 

Generally, the amount of protons arising from dendrimer, 

PEG, and cRGD were 248, 434, and 4, respectively. 

Therefore, according to the spectrum, we finally got the result 

showing that one molecule of dendrimer was linked with 

18.7 molecules of PEG and 11.6 molecules of cRGD.

Gel retardation and RiboGreen assay 
of nano-siRNA complexes
The assembly of nano-siRNA complex was confirmed 

by gel retardation and RiboGreen assays. Anionic siRNA 

oligonucleotides were neutralized, fixed, and encapsulated 

after being mixed with polycationic nanocarriers; thus, 

inhibition of electrophoretic mobility of siRNA could 

be seen. As shown in Figure  2A, with the increase of 

N/P ratios, siRNA bands gradually disappeared from 

agarose gels according to which optimal N/P ratios were 

8.5 8.0

cRGD

D20 PEG

PAMAM

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 1 1H NMR spectrum of PAMAM-PEG-cRGD. 
Abbreviations: 1H NMR, proton nuclear magnetic resonance; cRGD, cyclic RGD; PAMAM, polyamidoamine; PEG, polyethylene glycol; ppm, parts per million.
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determined. In PAMAM-siRNA, band shift was blocked 

at an N/P ratio higher than 3; while in PAMAM-PEG-

cRGD-siRNA, hypomotility of band could be achieved at 

a lower N/P ratio, approximately 2. This result reveals that 

the surface decoration of PEG, and cRGD to some degree, 

slightly potentiate siRNA binding capacity for PAMAM 

dendrimer.

Similarly, with the gel retardation assay, the ability of 

the nanocarrier to complex with siRNA can be assessed by 

a dye exclusion method. RiboGreen, a commercial dye, was 

applied to detect content of free, unbound siRNA which 

was unfixed to the nanocarrier. The fluorescence intensity 

of RiboGreen decreased along with the augmenting dose of 

dendrimer added to siRNA oligonucleotides (Figure 2B). For 

PAMAM-siRNA, the formation of nano-siRNA complexes 

decreased RiboGreen intensities to 90%, 92%, 63%, 35%, 

and 24% with N/P ratios equal to 0.5, 1, 2, 2.5, and 3%, 

respectively; for PAMAM-PEG-cRGD-siRNA, RiboGreen 

intensities descended to 93%, 70%, 19%, 15%, and 18% 

with N/P ratios equal to 0.5, 1, 2, 2.5, and 3, respectively. 

When the N/P ratio reached 2, RiboGreen intensity did not 

fall sharply in PAMAM-PEG-cRGD-siRNA and the curve 

went smoothly, suggesting that the highest siRNA binding 

capacity was achieved in this newly established nanocarrier, 

with an optimal N/P ratio equal to 2. An analogous trend 

could be observed in PAMAM-siRNA, with an optimal N/P 

ratio around 3.

Dynamic light scattering and zeta 
potential analysis
The nanoparticle size and zeta potential of nano-siRNA 

complexes have some extent of significance not only in 

predicting interaction between nanocarrier and siRNA, 

but also in judging the permeability of the bypassing 

cell membrane. Empirically, cationic nanoparticles with 

diameters ranging from 100–200 nm are preferred for in vitro 

transfection and nanoparticles that are stable, uniform, 

and well-dispersed possess more effective transfection 

efficacies.27,28

Particle sizes and zeta potentials of PAMAM-PEG-

cRGD-siRNA at different N/P ratios are shown in Table 1. 

Particle size was approximately 91.7 ±  7.1 nm at an N/P 

ratio of 0.5, then went up to 149.6 ± 8.7 nm at an N/P ratio 

of 1.5, with a modest decrease to 131.5 ± 4.5 nm at an N/P 

ratio of 2. However, particle sizes at N/P ratios of 2.5 and 3 

were slightly larger than that at an N/P ratio of 2.

This result indicates that a proper N/P ratio is indispensible 

for siRNA affinity and homogenous PAMAM-PEG-cRGD-

siRNA was probably formed at an N/P ratio equal to 2. 

An insufficient dose of dendrimer gives rise to a loose 

architecture; while, an overdose of dendrimer leads to a 

dense, concentrated structure, which increases the possibility 

of crosslinking for nano-siRNA complex.

Zeta potentials of PAMAM-PEG-cRGD-siRNA 

maintained positive values, and an ascending tendency from 
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PAMAM-PEG-cRGD-siRNA
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PAMAM-PEG-cRGD-siRNA

Figure 2 Features of siRNA binding capacities for nanocarriers: (A) Representative images of gel retardation assay for PAMAM-siRNA and PAMAM-PEG-cRGD-siRNA; 
(B) RiboGreen assay for PAMAM-siRNA and PAMAM-PEG-cRGD-siRNA.
Notes: (A) Lane 1, naked siRNA, N/P = 0; lane 2–6, nano-siRNA complexes at N/P ratios equal to 0.5–3.0. (B) Data are shown as mean ± standard deviation (n = 3) and 
fluorescence intensity of free naked siRNA was set as 100%.
Abbreviations: cRGD, cyclic RGD; N/P, charge ratio between amino groups and phosphate groups; PAMAM, polyamidoamine; PEG, polyethylene glycol; siRNA, short 
interfering RNA.
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4.1 ± 1.2 mV to 38.2 ± 7.2 mV could be easily identified at 

N/P ratios from 0.5 to 3. We observed an N/P ratio-dependent 

manner in zeta potential values in PAMAM-PEG-cRGD-

siRNA. A nano-siRNA complex in a proper zeta potential 

is also a crux of in vitro gene transfection, in that the 

binding capacity of the nanocarrier is inevitably impaired 

at a relatively low zeta potential value, whereas excessive 

zeta potential aggrandizes cytotoxicity and makes inner 

siRNA oligonucleotides strenuous to escape from delivery 

system.29

Cytotoxicity evaluation of nanocarriers
A dendrimer exerts cytotoxicity primarily due to surface 

cationic groups, and is unavoidably detrimental to the stability 

of a negatively charged membrane, making it possible for the 

compromising of membrane integrity which might eventually 

result in cell lysis.30 Faced with this dilemma, it is a situation 

of urgency to attenuate dendrimer-associated toxicity by 

effective surface engineerings,31 of which PEGylation is 

emerging as a step of importance in chemical decoration 

for nanovehicles.32,33

An MTT assay was implemented on HTC/3  cells 

incubated with different concentrations of compounds. 

Relative cell viabilities in 24  hours were calculated 

(Figure  3). No significant differences were detected in 

these compounds under concentrations lower than 1 µM 

and cell viability was no lower than 75%. However, 

when concentrations reached 5µM, cell viability of 

PAMAM-NH
2
 dropped to 50.9%  ±  4.9%, displaying 

higher cytotoxicity when compared with PAMAM-PEG-

cRGD, PEG, and cRGD (P  ,  0.01). PAMAM-NH
2
 at 

a concentration of 10 µM diminished the percentage of 

viable cells to 40.7%  ±  6.3%, which was statistically 

lower than the cell viability recorded in other compounds 

at the same concentration (P , 0.01), yet cells exposed 

to PAMAM-PEG-cRGD retained 80% cell viability above 

concentrations lower than 10 µM.

This result demonstrates a comparably low cytotoxicity 

after conjugation of PEG and cRGD, with respect to 

unmodified PAMAM. It should be stressed that PAMAM-

PEG-cRGD, cRGD, or PEG might be markedly cytotoxic 

under concentrations much higher than 10  µM. But in 

our work we should put more emphasis on cytotoxic 

properties ranging from 0–1  µM given that the f inal 

siRNA concentration for in vitro transfection was fixed 

at 100 nM. The cytotoxicity data of PAMAM-PEG-cRGD 

showed that HTC/3 cells were alive under experimental 

doses, which would not consequently bring apparent 

interferences to transfection and antiproliferative 

assays.

Table 1 Particle size and zeta potential of PAMAM-PEG-cRGD-siRNA at N/P ratios ranging from 0.5 to 3.0

N/P ratio 0.5 1.0 1.5 2.0 2.5 3.0

Size (nm) 91.7 ± 7.1 113.0 ± 3.6 149.0 ± 8.7 131.5 ± 4.5 148.3 ± 7.4 133.7 ± 6.0
Zeta potential (mV)   4.1 ± 1.2   5.2 ± 0.9   17.9 ± 4.1   23.9 ± 4.5   31.3 ± 5.8   38.2 ± 7.2

Abbreviations: cRGD, cyclic RGD; N/P, charge ratio between amino groups and phosphate groups; PAMAM, polyamidoamine; PEG, polyethylene glycol; siRNA, short 
interfering RNA.
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In vitro transfection and cellular uptake
FAM-labeled hERG-siRNA was delivered to HTC/3  cells 

via a nanocarrier transfecting system, for which transfection 

efficiency and cellular siRNA distribution were accomplished 

using flow cytometry and confocal microscopy, respectively. 

The results of this step are illustrated in Figure  4. For 

nanocarriers, the transfection efficiencies varied corresponding 

to N/P ratios. Not surprisingly, naked siRNA failed to enter 

the cells (Figure 4A). For PAMAM-siRNA, only a minority 

of FAM-labeled siRNAs penetrated into the cells, and the 

population of FAM positive cells was 10.9% ± 6.4% when 

the N/P ratio was 3 (Figure 4B). For PAMAM-PEG-cRGD-

siRNA, we observed homogenous distribution of siRNA 

mainly in cytoplasm through confocal microscopy 6 hours 

after transfection, with transfection efficiency up to 68% 

on the condition that the N/P ratio was 3.5 (Figure  4C). 

Our findings provide strong evidence showing that siRNA 

complexed with PAMAM-PEG-cRGD exhibits excellent 

cellular internalization.

Basically, a higher N/P ratio leads to higher transfection 

efficiency, based on the fact that a higher N/P ratio results 

in higher cationic density, which is essential for breaching 

the cell membrane barrier. However, for each nano-siRNA 

complex, we did observe an optimal transfecting N/P ratio 

(Figure  4D) in which transfection efficiency reached its 

peak: the transfection efficiencies were the highest if N/P 

ratios were equal to 4.5 and 3.5  in PAMAM-siRNA and 

PAMAM-PEG-cRGD-siRNA, respectively. In terms of 
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siRNA uptake and distribution, a range of critical aspects 

should be addressed, including particle size, homogeneity, 

zeta potential, siRNA concentration, incubation conditions, 

different cell lines, and so forth.27–29 One reasonable 

explanation for the optimal transfecting N/P ratio is that 

cellular endocytosis favors foreign particles that are well-

dispersed and homogenous.

RT-PCR gene knockdown assessment
We selected PAMAM-siRNA at an N/P ratio of 4.5 and 

PAMAM-PEG-cRGD-siRNA at an N/P ratio of 3.5 to 

estimate silencing activity through RT-PCR where hERG 

messenger RNA (mRNA), a product of 575 bp was yielded, 

with β-actin (247 bp) as the internal standard. As shown in 

Figure 5A, we confirmed again that human ATC HTC/3 cells 

expressed hERG, and naked siRNA had little influence on 

hERG mRNA silencing. PAMAM-siRNA restrained hERG 

expression to 66.7%–77.7% of untreated values 24 to 

72 hours after transfection. On the other hand, siRNA carried 

by triblock suppressed the molecular level of hERG targeted 

genes to 26.3%–47.3% of control values. It was remarkable 

that siRNA in assembly with PAMAM-PEG-cRGD exhibited 

more powerful gene silencing effects when compared with 

the parent PAMAM-NH
2
 (Figure  5B). In addition, we 

noticed that the knockdown effects in both nanocarriers 

lasted over 3 days, implying that complexation of siRNA 

to dendrimer was a beneficial approach to prolong siRNA 

stability and duration in cytoplasm without abrogating 

silencing efficacy.

Antiproliferative and apoptosis 
effects of hERG knockdown
The treatment of PAMAM-PEG-cRGD-siRNA (N/P 

ratio = 3.5, final concentration of siRNA = 100 nm) for human 

ATC HTC/3 cells presented an antineoplastic therapeutic effect 

on the basis of growth suppression, according to data collected 

from MTT assays (Figure 6A). It should be highlighted again 

that experimental concentrations in this procedure were 

within the nontoxic window of PAMAM-PEG-cRGD for 

HTC/3 cells; that is to say, we might ascribe antiproliferative 

effects primarily to siRNA targeting hERG. The knockdown 

of hERG reversed proliferation in a time-dependent 

manner, as the rate of viable cells gradually downgraded to 

58.3% ±  6.4% 72 hours after the administration of nano-

siRNA complexes (Figure 6A and B). RNA interference of 

hERG also modulated HTC/3 cell apoptosis, since a 72-hour 

treatment of nano-siRNA significantly increased the portion 

of early apoptosis cells (annexin V+/PI-) versus the control 

(15.5% ± 0.8% versus 3.2% ± 0.3%, P , 0.01, Figure 6C).

Membrane interaction of nano-siRNA 
complexes
The initial access of cellular uptake of nano-siRNA 

complexes includes membrane interaction, in which 

electrostatic force as well as specific ligand–receptor 

mechanisms might be involved. We loaded the nanocarrier 

with a cRGD sequence conjugated for the sake of intelligent 

recognition of integrin protein in HTC/3 cells. To discern 

this hypothesis, free excessive cRGD and PLL were added 
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as competitive inhibitors for further co-incubation. Firstly, 

we had to test cytotoxicity data in HTC/3 cells treated with 

free cRGD and PLL under experimental concentrations, 

which were 0–10 µM and 60 µg/mL, respectively; the data 

provided evidence that no severe interference occurred. 

The transfection efficiency of cells treated with PAMAM-

PEG-cRGD-siRNA at an N/P ratio of 3.5  in the absence 

of inhibitors was used as the control; this cellular uptake 

was set as 100% as a reference. As shown in Figure 7, the 

proportion of FAM-positive cells dropped to approximately 

83% of the control value when HTC/3 cells were co-treated 

with 10 µM of free cRGD, and this resulting difference was 

statistically significant (P , 0.05). Additionally, the relative 

cellular uptake percentage of cells treated with PLL (60 µg/

mL) also significantly declined to 55% of the control level 

(P , 0.05). We also observed that free cRGD lowered cellular 
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uptake of nano-siRNA complexes in a dose-dependent 

manner. Therefore, this result indicated that the introduction 

of cRGD boosted cellular uptake of nano-siRNA complexes 

by cRGD-integrin binding, and the electrostatic effect was 

also an essential factor for endocytosis in HTC/3 cells.

Western blot analysis
Having noticed that hERG had a profound, complicated 

signaling network targeting carcinogenesis, several 

pathological proteins were studied by with Western blotting. 

Both VEGF and caspase-3 are known to be far-reaching 

and impactful in cell survival control, and the question 

of whether hERG has functional interactions with these 

factors is raised. Silencing of hERG was confirmed again by 

Western blot with sharp downregulation of hERG in protein 

level (Figure 8A). As a gene encoding specific K+ channel,10 

hERG deprivation gave rise to complete downregulation of 

VEGF protein in HTC/3 cells as compared to the control 

(Figure 8B), suggesting that the action of VEGF secretion 

required the presence of hERG, at least partially. Silencing 

hERG brought about programed cell death in HTC/3 cells, 

and activation of caspase-3, pivotal in triggering a cascade of 

the apoptosis pathway,34 was involved (Figure 8C). However, 

these results are still tentative and imperfect, and the question 

how hERG mRNA or hERG protein physiologically interacts 

with VEGF or caspase-3 is unanswered. The details of the 

signaling network of hERG, caspase, and angiogenesis at the 

molecular level remain sparse to date, and more intensive 

investigations are needed.

Discussion
Dendrimers open an exciting avenue of research and 

exploration for siRNA delivery, however, there are still critical 

challenges such as existing cytotoxicity, relatively poor cellular 

uptake, stiff endosomal escape.35 In this study, we constructed 

a novel triblock nanocarrier PAMAM-PEG-cRGD, in which 

PAMAM acted as the dendrimer core providing cationic 

strength sufficient for penetrating the cell membrane, PEG as 

the improver of biocompatibility, and cRGD as the enhancer 

of endocytosis and cancer targeting. Undoubtedly, the 

interaction of siRNA and dendrimer is complicated and refers 

to numerous factors including generation, cationic strength, 

particle size, pH, architecture.

According to the data obtained from the gel retardation 

assay, and particle size and zeta potential analysis, N/P 

ratios of approximately 2 and 3 were optimal for the binding 

capacities of siRNA in PAMAM-PEG-cRGD and PAMAM, 

respectively. Hence, we validated that adequate size and ionic 

density (N/P ratio) were needed for potent siRNA binding. 

There are reports showing that PEGlyation might sometimes 
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Figure 8 Representative Western blot agarose images of (A) hERG protein, (B) VEGF, and (C) caspase-3 within 72 hours by hERG silencing in HTC/3 cells.
Abbreviations: cRGD, cyclic RGD; hERG, human ether-a-go-go-related gene; hr, hours; PAMAM, polyamidoamine; PEG, polyethylene glycol; siRNA, short interfering RNA; 
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shelter cationic surfaces and thus plague the bioactivity of 

nucleic acids,36–38 but conversely, the PEG modification 

slightly enhanced dendrimer–siRNA linking in our work, 

indicating that not only cationic density, but also polymeric 

architecture played a vital role in siRNA binding. However, 

an excellent binding does not guarantee a satisfactory cellular 

internalization profile. The optimal N/P ratio detected by 

physiochemical parameters might be different from the best 

N/P ratio determined by cellular uptake, because there was 

membrane barrier with which nanoparticles also interacted 

intricately. An effective nano-siRNA complex was formed in 

PAMAM generation 4.0, but the transfection efficiency was 

weak, and this finding was consistent with Patil et al’s work, 

in which commercial generation 4.0 PAMAM-NH
2
 failed to 

deliver siRNA into cells, partially owing to nanofibers caused 

by crosslinking.39

To elicit RNAi, siRNA has to be released from carriers 

to perform the task in cytoplasm. High cellular uptake does 

not ensure powerful silencing effects.40,41 A representative 

example is PLL, which possesses high affinity to siRNA, 

but lack of gene knockdown actions, mainly as a result of 

the deficiency of tertiary amine groups required for a proton 

sponge effect.42,43 Reports provided by molecular dynamics 

stimulations also gave critical evidence for proton sponge 

theory in PAMAM, elucidating that successful transfection 

requires a proper cationic environment where the ratio of 

dendrimer to siRNA should neither be too high nor too 

low.44–46

Integrin, a known cell surface receptor and potential 

therapeutic target, is overexpressed in ATC.47 In our present 

work, cRGD–integrin intimacy was seen, mediating the 

promotion of endocytosis and our data agreed with the 

report from Waite and Roth, in which the insertion of cRGD 

to PAMAM generation 5.0 enhanced siRNA uptake and 

inhibited adhesion in a concentration-dependent manner.48 

It should be noted that some investigators reported RGD 

peptides alone might suppress tumor growth and induce 

programmed cell death,49,50 but under our experimental 

conditions in which the concentration of cRGD was relatively 

low, no obvious impact on cell viability was observed in 

HTC/3 cells in regards to cRGD attachment.

The in vitro to in vivo correlation of biocompatibility 

and transfection profile remains challenging. All procedures 

in this study are in vitro experiments at this stage. Multiple 

in vivo cytotoxic mechanisms are rooted in different cell 

lines, tissue origins, administrative methods, and so on. For 

example, neurons or cardiomyocytes might be less resistant 

to dendrimer toxicity in comparison to proliferative cancerous 

cells.51 The administrative pathway also dramatically influences 

the effectiveness of siRNA therapy in vivo, and different 

administrative approaches result in different dose ranges. 

Intravenous administration might manifest more severe off-

target complications than oral or local application. It was 

observed that when intravenously administered, generation 4.0 

PAMAM-NH
2
 was not tolerated at doses higher than 10 mg/kg 

in rats.52 But it seems that the biocompatiblity of cationic 

dendrimers increases approximately ten-fold when administered 

locally or through the gastrointestinal tract, making it possible 

to deliver higher doses of siRNA by dendrimer.53 Moreover, 

we have to take into account the dynamic pharmacokinetics 

for animal applications, as dendrimer or siRNA can be 

eliminated or degraded by the kidney and liver. Few established 

relationships exist to deduce transfection behavior from in vitro 

data in in vivo studies. Difficulties should be conquered by 

the optimization of dose range or administration approaches, 

more excellent surface chemistries for bioavailability, and 

transporting mighty siRNAs.

Therapeutic approaches for ATC are far from ideal. 

The understanding of molecular pathogenesis of ATC 

hold promises for gene therapy. hERG, encoding specific 

dependent K+ channels, participates in the depolarization 

of membrane potentials and retards the cell cycle by partial 

blockage in the G1 phase in many cancerous cells.54,55 

hERG dependent K+ channels are shut off at membrane 

potentials below a threshold of –60  mV while classical 

inwardly rectifying channels switch on at more negative 

potentials which are particularly depolarized during the 

G1 phase.56 Nevertheless, hERG K+ channel-dependent 

hyperpolarization appears to be fundamental for S phase 

progression. Hyperpolarization stimulates Ca2+ influx, 

permits synthesis of mitogenic factors and provides the 

electrical gradient essential for Na+-dependent transport of 

metabolic substrates and ions necessary for DNA synthesis.57 

Abundant expression of hERG channels is therefore expected 

to cause loss of proliferative control.57 On the other hand, the 

promoter region of the hERG gene harbors multiple binding 

sites for oncoproteins, such as specificity protein 1, nuclear 

factor kappa light chain enhancer, and tumor suppressor 

protein Nkx3.1.58 Overexpression of hERG alters the 

resting membrane potentials of cancerous cells toward more 

depolarized values and repolarizes them at the end of the G1 

phase, thereby facilitating cell cycle progression and thus 

arousing proliferation.59

By the silencing method, we found that downregulation 

of hERG caused cell death and apoptosis in HTC/3 cells. 

Moreover, hERG silencing resulted in the reduction of 

VEGF secretion and activation of caspase-3. In HL-1 

cardiomyocytes, hERG blockage evokes apoptosis via the 
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endoplasmic reticulum pathway, involving phosphorylation 

of p38  mitogen-activated protein kinase, which activates 

the growth arrest and DNA damage-induced gene 153/c/

EBP homologous protein, accelerating the activation of 

caspase-3.60 Cherubini et  al61 reported that in SH-SY5Y 

glioma cells, hERG, integrin β
1
, and focal adhesion kinase 

formed a complex, and the activation of hERG directly 

attributed to the phosphorylation of focal adhesion kinase, 

which stirs up survival signaling and prevents apoptosis. 

Pillozzi et al62 also clarified that hERG K+ channel, VEGF 

receptor-1(FLT-1), and integrin β
1
 formed a signaling 

complex, modulating cell proliferation, adhesion, and 

invasion in human acute myelocytic leukemia cells. However, 

a more detailed signaling transduction pathway and a 

systematic understanding of hERG in ATC remain unclear 

and we are dedicated to future studies.

Conclusion
In this study, we initially proposed a nanoscale dendrimer–

siRNA delivery system to elicit the gene silencing effect 

of hERG in human ATC cells in vitro. This novel triblock 

polymer, PAMAM-PEG-cRGD, exhibits little cytotoxicity, 

effective transfection efficiency, “smart” cancer targeting, 

and therefore is a successful siRNA nanocarrier. Moreover, 

knockdown of hERG inhibits cell growth and induces 

apoptosis in ATC cells in vitro.
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