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Nonviral vectors, such as cationic polymers and dendrimers, in gene delivery have encountered two major 
barriers in the form of inherent toxicity and inefficient cytosolic access that must be overcome. In this 
work, a simple co-caging strategy focused on overcoming the two limitations of dendrimers for siRNA 
transfection is reported. By embedding gold nanoclusters, the structure of dendrimer becomes compact to 10 

allow an irreversible backfolding of exterior primary amines from the branch to the core, which 
dramatically eliminates the dendrimer toxicity for safety. Again, gold nanoclusters with strong emissions 
can render the dendrimers with a trackable function as a transfection vector (denoted as TV) for siRNA 
transfection. In order to maximize complex efficiency with siRNA, the TV further caged methyl-motifs, 
transforming the partially tertiary amines to quaternary ammonium ions to form methylated TV (denoted 15 

as MTV). The cellular responses to the MTV were similar to those of the TV, but the responses to the 
MTV can also enhance cytosolic access to better deliver siRNA for mRNA knockdown. This finding 
provides a novel perspective to facilitate various cationic polymers for detoxification in biological 
applications through a co-caging strategy without further chemical modifications. 

Introduction 20 

Nonviral vectors, such as cationic polymers, designed for 
achieving RNAi-based therapeutics have been established to 
overcome the delivery challenge of making nuclease-susceptible 
siRNA molecules enter cells to interrupt the activity of specific 
genes, further down-regulating their protein expressions.1-6 Such 25 

the potential applications, however, have encountered two major 
barriers in the form of inherent toxicity and inefficient cytosolic 
access that must be overcome. Compared to other cationic 
polymers, the amine-terminated polyamidoamine (PAMAM) 
dendrimers (GnNH2) are known to have highly dense charges that 30 

efficiently protect and deliver siRNA for the following 
transfection.1 Through the difference of amine basicity between 
core and branch, the tertiary (core) and primary (branch) amines 
of PAMAM dendrimers can be protonated under physiological 
and endosomal conditions, respectively, to perform their own 35 

functions. At physiological pH (7.4), only the primary amines 
(1o-amines) of dendrimers can be protonated to either interact or 
assemble spontaneously with the cell membrane, forcing 
intracellular uptake.7 After attaching to the endosomal pH, the 
interior tertiary amines (3o-amines) of PAMAM can be initiated 40 

as sponges to attract protons, increasing water influx into the 
endosome to induce endosomal swelling, which results in turn in 
endosomal breakdown.8, 9 Unfortunately, unmodified cationic 
PAMAM dendrimers as delivery vectors can also damage cell 
membranes through the 1o-amines, possibly forming irreversible 45 

pores of lipid bilayers associated with cell death.7, 10-13 As a result, 
advanced strategies based on the 1o-amine decoration of 
PAMAM dendrimers have been developed to overcome its 
intrinsic cytotoxicity.14-21 However, the decorations of PAMAM 
dendrimers can often affect renal excretion (≤ 5.5 nm)22-25 50 

because of the increase in hydrodynamic size or the inversion of 
their surface charges, finally resulting in a higher accumulation in 
the liver, kidney, and other organs compared to unmodified 
PAMAM dendrimers.22, 24 Additionally, the efficiency of 
cytosolic delivery may be affected by the surface modification,26 55 

because the cavity polarity of amine-terminated PAMAM 
dendrimers can be inversed from hydrophilic to hydrophobic, 
which would inhibit water efflux and the “proton sponge” 
effect.26, 27 
 Here, we report a simple strategy (Fig. 1A) based on co-caging 60 

gold-nanoclusters and methyl-motifs within a fourth-generation 
amine-terminated PAMAM dendrimer (i.e., G4NH2), which can 
lead to the detoxification and cytosolic access of dendrimers. We 
found that the size of the G4NH2 caging gold-nanoclusters was 
smaller than that of the parent G4NH2. The “featured size 65 

contraction” can be attributed to a specific interaction between 
the dendrimer backbone and gold-nanocluster.  Specifically, the 
size contraction forces the dendrimer structure to become 
compact and allow an irreversible backfolding of the exterior 
amines (i.e., 1o-amines) to contact with the gold surface within 70 

the dendrimer cavity, which dramatically reduces the toxicity of 
the dendrimers, enhancing their safety. Furthermore, the gold 
nanoclusters with strong emissions at 460 nm, is predominately 
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emitted from an Au8-cluster (a gold nanocluster with eight atoms, 
denoted as Au8). This unique photoluminescence endows the 
dendrimers with a trackable function as a transfection vector 
(hereafter denoted as TV) for siRNA transfection. For 
maximizing complex efficiency with siRNA, the TV further 5 

caged methyl-motifs, transforming the partially tertiary amines 
(3o-amines) to quaternary ammonium ions (4o-ammonium ions) 
to form methylated TV (hereafter denoted as MTV). The cell 
response to the MTV was also similar to those of the TV but can 
also enhance cytosolic delivery, allowing the delivery of siRNA 10 

for mRNA knockdown. Using this co-caging process to derive 
the MTV, we demonstrated the detoxification and cytosolic 
access of dendrimers for siRNA transfection (Fig. 1B). 

Fig. 1 Schematic representation of (A) a co-caging strategy for the 
dendrimer detoxification and cytosolic access, (B) the MTV as a trackable 15 

vector for siRNA transfection, in which the MTV/siRNA complex was 
taken up into cells by endocytosis and needed to escape from the 
endosome into the cytoplasm for mRNA targeting. 

Experimental section 
Materials 20 

The G4NH2 dendrimer (Mw~14214 Da, each G4NH2 with 64 
amine end groups), and methyl iodide were purchased from 
Sigma-Aldrich, and a 0.22-μm membrane filter was received 
from Millipore (PES membrane). The sequence of siRNA 
targeted to Bcl-2 mRNA: 5'-CCG GGA GAU AGU GAU GAA 25 

GdTdT-3' (sense strand)/5'-CUU CAU CAC UAU CUC CCG 
GdTdT-3' (antisense strand) and nonspecific siRNA used as a 
negative control: 5'-UGG UUU ACA UGU CGA CUA AdTdT-3' 
(sense strand)/5'-UUA GUC GAC AUG UAA ACC AdTdT-3' 
(antisense strand) were customized by BioNeer. Antibodies were 30 

purchased from Calbiochem (mouse anti-GAPDH), and Millipore 
(mouse anti Bcl-2 and goat anti mouse ITV conjugated HRP). 

PVDF membranes and ECL plus Western Blotting Detection 
Reagents (RPN2132) were purchased from GE Healthcare. All 
other materials were obtained in analytical quality. 35 

Synthesis of TV and MTV 

The gold-nanocluster was synthesized according to a previously 
published method.28 First, HAuCl4 (Sigma-Aldrich, 200 μL, 30 
μmol, 150 mM) was added into 20 mL of deionized water 
containing the G4NH2 (Aldrich, 94.9 μL, 5 μmol, 20 wt % 40 

methanol solution). The G4NH2 and HAuCl4 mixed solution was 
incubated at 4oC overnight before irradiating by microwave 
(CEM, Discover LabMate System, 300W/120oC for 30 min). The 
precipitations and gold nanodots after reduction were filtered 
through a 3 KDa MWCO membrane filter (Millipore, Amicon 45 

Ultra), and the extra anion (AuCl4
－ ) was removed by using 

anionic exchange chromatography (Merck, Fractogel® EMD 
TMAE Hicap) to obtain the purified TV. Then, the internal 
tertiary amine groups and the surface amine groups of dendrimer 
encapsulated gold nanodots (63.6 mg, 4 μmol) were treated with 50 

methyl iodide in N,N’-dimethylformamide/H2O (1 mL/1 mL) at 
room temperature overnight. The reaction mixture was extracted 
by dichloromethane 3 times and then dried under a vacuum and 
dissolved in water (1 mL). The resulting solution was then 
lyophilized to derive a white solid (i.e., MTV). 55 

Cytotoxicity assay 

The experiments of cell culture were performed in culture 
medium with 10% fetal bovine serum (FBS). The cells were 
inoculated into a 24-well cell-culture plate (1 x 105 cells/well) 
and cultivated for 24 h at 37oC. Then, the culture medium was 60 

changed by the presence of various treatment concentrations, 
including G4NH2 alone, TV, and MTV, in culture mediums (three 
replicates). The tests were performed for 24 h without changing 
the medium. After removing the supernatant from the cell-culture 
medium, the cells were incubated with WST-1 (Clontech) at 37°C 65 

for 1 h. After treatment, the mediums were quantified using a 
conventional ELISA reader at 450 nm. For calibration, a blank 
test was performed on the same 24-well plate under the same 
condition. 

Generation of mouse bone-marrow-derived DCs 70 

DCs were generated from mouse bone marrow as described 
previously.29 Briefly, bone marrow cells were isolated from the 
femurs and tibia of C3H mice. After removing red blood cells, 
the cells (1 x 106/well) were then seeded in 24-well culture plates 
with RPMI 1640 medium (Gibco) supplemented with 10% heat-75 

inactivated FBS, 2 mM l-glutamine, nonessential amino acids, 
sodium pyruvate, HEPES (all from Invitrogen Life Technologies), 
2-ME (Sigma-Aldrich), 100 U/mL penicillin, 100 μg/mL 
streptomycin and 10 ng/mL recombinant mouse GM-CSF 
(PeproTech). On day 6 or 7, the DCs (> 70%) were collected for 80 

analysis. 

Assay for TNF-α production by DCs and DC maturation 

As previously described,30 TNF-α production by DCs was 
determined using intracellular cytokine staining. DCs were 
treated with LPS, TV, and MTV for 6 h and with the protein 85 

transport inhibitor GolgiPlug (BD Pharmingen) for 4 h. Cells 
were washed and stained with anti-CD11c and anti-TNF-α Ab 

1. HAuCl4

3. CH3I

(A)

(B)

cytosolic access
detoxification

2. Microwave Irradiation
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using the Fix and Perm Cell Permeabilization Kit (BioLegend). 
The production of TNF-α by DCs was measured by flow 
cytometry gating on CD11c+ cells. For the maturation assay, DCs 
were treated with LPS, TV, and MTV for 24 h and then stained 
with Abs specifically for MHC class II, CD11c, and CD86 5 

(eBioscience). The expression levels of MHC-II and CD86 of 
DCs were analyzed by flow cytometry gating on CD11c+ cells. 

Quantification of the residual amines on TV and MTV using 
ninhydrin-based assay 

Sodium acetate (3.28 g) was dissolved in approximately 6 mL of 10 

DI water as a buffer. The pH of the resulting solution prepared by 
sodium acetate (3.28 g) in 6 mL DI was adjusted to 5.2 using 
glacial acetic acid, and the final volume was diluted to 10 mL. 
The ninhydrin reagent was freshly prepared by adding 4M 
sodium acetate buffer (1 mL to 80 mg ninhydrin and 12 mg 15 

hydrindantin in 3 mL DMSO). For the assay, 50 μL of reagent 
was added to 50 μl of the sample (2.8 nmol for G4NH2) in a tube. 
The tube was mixed for 15 s and incubated at 37oC for 3 h to 
allow the reaction to proceed. After incubation, 1900 μL of a 
50:50 mixture of ethanol and water was added to each tube. The 20 

resulting solution was then mixed for 15 s to oxidize the excess of 
hydrindantin. The absorbance of each solution was measured on a 
UV spectrophotometer at approximately 560 nm, and the 
concentration of 1o-amine in the sample was calculated from a 
standard calibration curve. 25 

Measurement of the sizes of TV and MTV using 
polyacrylamide gel electrophoresis (PAGE) 

Various PAMAM dendrimers were loaded on a vertical 
electrophoresis system (Mini Trans-Blot®cell, BIO-RAD, USA) 
with a commercial power supply (MP-250V, Major Science). 30 

Precast 4-20% gradient express gels for PAGE were purchased 
from BIO-RAD (Mini-PROTEAN® TGXTM Gels; each gel has 
10-well combs, 30μL/well). The citrate buffer (pH 3.0, 500 mL) 
was prepared as a running buffer. PAGE separation typically 
required 180 min at 60 V. An aliquot (10 μL) of the sample 35 

solution  composed of 8.4 μg  PAMAM dendrimer (5 mg/mL, 
1.67 μL) and 1.67 μL sucrose solution (50% sucrose) was 
injected into each well. Developed gels were stained with 0.025% 
coomassie brilliant blue R-250 in 40% methanol and 7% acetic 
acid aqueous solution for 30 min. The gels were destained with 40 

7% v/v acetic acid and 5% v/v methanol in water. 

Gel electrophoresis 

The binding capacity was expressed by the N/P ratio, which was 
defined as the number of nitrogen residues (N) in the surface of 
dendrimer per phosphate (P) of siRNA. It showed a total 45 

retardation of siRNA migration (as reflected by the disappearance 
of siRNA bands on the gel). The complexes of different modified 
dendrimers and siRNA were prepared in water containing either 
FBS or not, at various N/P ratios and incubated at room 
temperature for 30 min, followed by incubation with RNase for 50 

15 min. Dendrimer-free siRNA was used as the control. The 
samples were further diluted with PBS buffer and electrophoresed 
in 2% agarose gel at 100 V for 30 min in Tris-boric acid (TBE) 
running buffer, then staining with ethidium bromide (EB). siRNA 
bands on the gel were visualized under ultraviolet light (254 nm). 55 

Western blot after nanoplexes delivery 

The silence efficient assay was performed under culture medium 
supplemented 10% FBS. To assess the silencing capability of 
various nanoplexes, HEK293 cells were plated in 6-well plates at 
a seeding density of 1 x 105 cells per well. The cells were left 60 

overnight to adhere. The next day, the cells were transfected with 
various formulations at a final siRNA dose (3.3 μg/mL) as the 
following treatments for 48 h: the mixture of siRNA and 
Lipofectamine as a positive control, naked siRNA, and siRNA 
loaded different modified dendrimer nanoparticles (i.e., TV and 65 

MTV) under the N/P ratio of 25:1.  Untreated cells were used as 
the negative control. Following treatment, the total protein was 
extracted and the protein content was measured using the BCA 
Protein Assay Kit (Thermo). The extracted protein was mixed in 
a 1:1 ratio with Laemmeli’s buffer and then loaded onto a 12% 70 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel. The gel was run for 90 min at 120 V, and the protein 
bands on the gel were transferred onto a PVDF membrane. The 
transferred protein bands on the membrane were then blocked 
with 3% milk in PBS buffer containing Tween-20 (PBST) for 1 h 75 

and incubated overnight at 4oC with 1:1,000 dilution of the 
primary mouse antibody from Bcl-2 or GADPH in milk. The next 
day, the milk was decanted and the membrane washed twice with 
PBST buffer and then incubated with 1:10000 dilution of the 
secondary anti-mouse goat radish peroxidase (HRP)-conjugated 80 

antibody in PBST for 1 h at room temperature. After washing, the 
ECL reagent was added, which was reacted by the HRP enzyme 
to give a chemiluminescent band. The chemiluminescent bands 
were visualized using a Kodak X-ray film. 

Evaluation of apoptotic Induction by flow cytometry after 85 

various nanoplexes delivery 

To assess the apoptotic induction of hybrid nanoparticles under 
the N/P ratio of 25:1, HEK293 cells were seeded into 6-well 
plates (1 x 105/well) and incubated for 24 h. The cells were 
reacted with the above-mentioned formulations (with Bcl-2 90 

siRNA). Lipofectamine was used as the positive control. After 48 
h of incubation, the cells were collected and the apoptotic cells 
were detected by flow cytometry (BD Biosciences) using the 
annexin V-FITC/propidium iodide (PI) apoptosis detection kit 
(Invitrogen), according to the standard protocol provided by the 95 

suppliers. The results were analyzed using WinMDI 2.9 software. 

Results and discussion 
Biosafety evaluation of the co-caged delivery vector 

The TV was prepared according to our previously reported 
protocol, 28 in which the detailed characterization and quantum 100 

yield were examined and estimated, respectively. In brief, the TV 
comprised the G4NH2 with caging an Au8-dominating cluster, 
possessing a strong photoluminescence from the emission 
maximum appeared approximately 460 nm. Then, the G4NH2 was 
examined for its cytotoxicity before and after being caged with 105 

gold-nanoclusters. As expected, severe cell death was observed in 
the G4NH2 alone (Fig. 2A, column 1). Contrary to our 
expectations, no dosage-dependent cytotoxicity was observed 
from the TV (Fig. 2A, column 2). In addition to cytotoxicity 
studies, the immunological response of cells upon exposure to the 110 

TV and MTV was also investigated. Dendritic cells (DCs), which 
play a critical role in initiating immune responses,31 can be used 
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to evaluate the immunotoxicity32 of the TV and MTV. First, we 
determined the cytotoxicity of the TV and MTV on mouse bone-
marrow-derived DCs. The results were consistent, as we found no 
significant differences between TV and MTV in ESI Fig. S1.� 
Second, we assessed whether DCs were activated upon treatment 5 

with the TV and MTV. In contrast to lipopolysaccharide (LPS) 
stimulation, neither the TV nor MTV induced the production of 
cytokine tumor necrosis factor-α (TNF-α) by DCs, suggesting no 
DC activation by the TV or MTV (Fig. 2B, the left column). 
Furthermore, the TV and MTV did not promote DC maturation at 10 

all, because the expression levels of major histocompatibility 
complex (MHC) class II (the middle column) and costimulatory 
molecule CD86 were not changed (Fig. 2B, right column). 
Collectively, we confirm that the TV and MTV are safe materials 
that do not provoke immunotoxicity. 15 

Fig. 2 (A) Cytotoxicity assay for A549 and (B) the impact of siRNA 
vehicle on immune response. DCs were treated with TV or MTV for 6 h 
(for TNF-α) or 24 h (for MHC-II and CD86). The expression level of 
TNF-α, MHC class II and CD86 were determined by flow cytometry. All 
data were gated on CD11c+ cells. 20 

Physicochemical properties of TV and MTV 

Such the significant detoxification may be speculated from the 
deactivation of outward 1o-amines, resulting in minimizing the 
interaction between G4NH2 and cell membranes during 
transfection. Basically, two plausible pathways, such as 25 

oxidization and backfolding of 1o-amines, might be involved in 
the deactivation. Apparently, no significant amine oxides, such as 
nitrate and nitrite, from G4NH2 can be found in the reaction 
solution during HAuCl4 reduction in ESI Fig. S2�,  indicating 
that the possible oxidization of 1o-amines can be ruled out. 30 

Alternatively, it is significant because the 1o-amines of the intact 
dendrimers are known to easily move out (i.e., branch) and in (i.e., 
core) of the dendrimer cavity.33, 34 The backfolding phenomenon 
of the 1o-amine groups  from branch to the core may induce a 
strong interaction between the gold surface and the amine groups, 35 

which has been studied from amine-capped gold nanoparticles.35 
With the irreversible backfolding, the 1o-amines of the TV can 

possibly reduce nucleophilicity to annihilate the intrinsic 
cytotoxicity. To validate this hypothesis, NMR spectroscopy was 
used to examine the differences in dendrimer structures before 40 

and after caging gold-nanocluster dendrimers. Analysis of the 1H 
NMR spectra (ESI Fig. S3�), a specific peak 2.83 ppm arises 
from overlapping signals the 1o-amine and 3o-amine methylenes 
of the G4NH2. The overlapping peak can be split into two peaks 
at approximately 2.85 and 3.17 ppm after the TV (i.e., G4NH2 45 

caging the gold-nanocluster). Such a pronounced peak appearing 
at the downfield region of NMR spectrum may be affected by the 
de-shielding effect of gold-nanoclusters. However, this 
observation cannot fully explain the backfolding of 1o-amines.  
To further verify the backfolding phenomenon, a ninhydrin test 50 

was used to estimate the 1o-amine number.36 As expected, Fig. 
3A shows that the absorption wavelength at approximately 560 
nm dramatically decreases from the TV, compared with that from 
G4NH2 alone. The percentage of residual 1o-amines from the TV 
decreased to approximately 33% of the parent G4NH2 after the 55 

backfolding; that is, estimating at roughly 20 numbers per G4NH2 
(the original number is 64 per G4NH2). To further examine the 
dimension of TV, Fig. 3B shows that the entire size is smaller 
than that of G4NH2 without caging the gold-nanocluster.  
Interestingly, Figure S4 shows a uniform dimension from various 60 

dendrimers with smaller and larger generations after caging gold-
nanoclusters. We speculated that the size contraction may involve 
a specific interaction between the dendrimer backbone and gold 
nanocluster,37 and then induce the irreversible backfolding of 1o-
amine for the detoxification of dendrimers. 65 

Such the detoxification of G4NH2 by caging gold-nanoclusters, 
however, the values of the zeta potential dramatically decreased 
from +62.3 mV of the parent G4NH2 to +2.8 mV for the TV. This 
charge neutralization of the TV would affect to associate with the 
negative charge of siRNA. Thus, the residual 1o-amines and 3o-70 

amines of the TV were forced to partially cage methyl-motifs to 
form the MTV for enhancing siRNA association. Since the 4o- 
positive charges of ammonium ions from MTV can strongly 
associate with the negative siRNA for complex through an 
electrostatic interaction. Neither noticeable cytotoxicity (Fig. 2A, 75 

column 3) nor size change (Fig. 3B, land 6) can be observed from 
the MTV as well as those of TV. Besides the photoluminescence 
of the TV, the MTV can exhibit a blue photoluminescence, and 
the quantum efficiency is slightly stronger than the TV. The 
percentage of methyl-motifs from 1o- and 3o-amines was 80 

estimated to be approximately 19% and 21%, respectively. 
Detailed calculations are listed in ESI Fig. S5� and Table S1�. 

Fig. 3 (A) 1o-amine number and (B) size of TV and MTV were examined. 
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Cellular uptake, endosomal escape and cytosolic access 

Endocytosis is considered to be the dominant uptake mechanism 
of dendrimers.38 Therefore, the dendrimer-based siRNA delivery 
vehicle’s (i.e., TV and MTV) cellular uptake would occur 
through endocytosis and then coupled with endosomal escape to 5 

accelerate siRNA release from the endosome into the cytoplasm 
for mRNA knockdown. Therefore, the efficiency of endosomal 
escape should be evaluated prior to studying siRNA transfection. 
Fig. 4A and B show that the TV and MTV can be taken up by 
cells, respectively. Using time-course tracking, we found that the 10 

MTV can be rapidly internalized by cells compared to the TV, by 
monitoring the MTV and TV signals after incubation for up to 1.5 
h and 48 h, respectively. Presumably, the uptake efficiency may 
be correlated with the methyl-motifs to increase charges,39 with a 
higher charge (+12.6 mV at pH 7.4) being measured from the 15 

MTV. Additionally, the fluorescence signal of the TV and MTV 
can be co-localized with LysoTracker Red (a fluorescent 
anisotropic probe for cells), demonstrating that our materials 
were indeed trapped in the endosome and lysosome. Then, a 
significant signal from the MTV was observed in the cytoplasm  20 

Fig. 4 The intracellular uptake difference between (A) TV and (B) MTV 
was compared. Confocal fluorescence images of photoluminescent 
dendrimers in H460 cells at different incubation times (between 1.5h and 
48h). H460 cells were co-incubated with Lysotracker (red color) and 
either TV (blue color) or MTV (blue color). The colocalization of 25 

nanoclusters and endosomal/lysosomal compartments were depicted in 
white color. (C) The colocalization coefficient, and (D) the escape ratios 
of from TV (block line) and MTV (red line) versus time are calculated. 
Note that the escape ratios were quantified the fluorescence intensity of 
TV and MTV after subtracting image background from the co-30 

localization intensity by the metaMorph imaging analysis software. Scale 
bar 10 μm. 

after the 48 h-incubation period, indicating that the MTV can 
escape from the endosome. In contrast, the escape was not 
observed for the TV at the same time-course. To further estimate 35 

the difference of fluorescence signals, the colocalization 
coefficient (Fig. 4C) and the escape ratios (Fig. 4D) were plotted 
as a function of time, respectively. Comparatively, only the 
colocalization coefficient from MTV can gradually decrease 
accompanying by the increase of escape ratios, indicating that the 40 

escape efficiency of MTV was indeed higher than that of TV. 
This result implies that the MTV may act as a more efficient 
proton-sponger than the TV. Additionally, this improvement may 
be explained by the greater intracellular uptake from the MTV 
than from the TV. This phenomenon can be observed from the 45 

disappearance of the lysotracker signal after MTV internalization 
up to 6 h.  Once the basicity of the excess MTV neutralizes the 
pH of the endosome/lysosome, it results in the inefficient staining 
from Lysotracker. As expected, the gradual disappearance of the 
LysoTracker Red signal was observed only in the MTV, 50 

indicating that the pH value of these acidic organelles increased 
significantly in the presence of the MTV, as shown in the time-
course pictures. The buffer capacity of the MTV was also found 
to be slightly higher than that of the TV (the calculation is listed 
in ESI Table S1�), which might directly cause a more efficient 55 

proton-sponge effect and cytosolic access than the TV does. After 
that, we attempted to examine the intracellular trafficking and 
distribution of TV/siRNA and MTV/siRNA complexes, 
respectively. As expected, such the higher siRNA signals (Fig. 5, 
red colour) can be observed from the MTV/siRNA than those of 60 

TV/siRNA, reconfirming that the cytosolic access of MTV was 
indeed stronger than that of TV. To this end, we would 
demonstrate the protein induction of siRNA release by flow 
cytomentry and Western blot in the following experiments. 

Fig. 5 The intracellular trafficking and distribution difference between (A) 65 

TV/siRNA and (B) MTV/siRNA was compared. Note that the cy5-
labeled and scramble siRNA was used in the study. Red, green and blue 
colors represent siRNA-cy5, lysotracker and TV/MTV, respectively. 
Scale bar 10 μm. 

To study the stability of nanoplexes in serum 70 

To investigate whether the TV and MTV can demonstrate 
significant efficacy in siRNA delivery, or whether the 
transfection efficiency indeed correlates with the performance of 
cytosolic access, the TV and MTV were associated with siRNA 
at various ratios (mol/mol) of amine/phosphate (N/P) to form two 75 

types of complexes: TV/siRNA and MTV/siRNA. To further 
analyze siRNA condensation efficiency, various N/P ratios 
forming TV/siRNA (ESI Fig. S6A�, lanes 2-5) and MTV/siRNA 

Control 48 h24 h6 h3 h1.5 h

TV
M

TV

(A)

(B)

Ly
so

Tr
ac

ke
r

M
er

ge
Ly

so
Tr

ac
ke

r
M

er
ge

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

TV
MTV

co
lo

ca
liz

at
io

n 
co

ef
fic

ie
nt

time (hr)
0 10 20 30 40 50

0

10

20

30

40

50
TV
MTV

es
ca

pe
 ra

tio
 (%

)

time (hr)

(C) (D)

1.5 h 3 h 6 h 24 h

TV
/s

iR
N

A-
cy

5
M

TV
/s

iR
N

A-
cy

5

Page 5 of 7 Journal of Materials Chemistry B



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

RNase

N/P

FBS (%)

0 0 0 25 50 75 100

- - + + + + +

- - - + + + +
10 30 -

25 50 75 100

+ + + +

+ + + +
10 10 10 10 30 30 30 30

(A)

(B)

0 25 50 25 50 75 10025 50 75 10075 100

- - - - -
∞

+ + + + +
25 50 75 100

+ + + + + + + +
- - - - - - - - - - 10 10 10 10 30 30 30 30

RNase

N/P

FBS (%)

SDS

siRNA

FBS
+SDS

(B)

Bcl-2

GAPDH

(A)

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
0

10
1

10
2

10
3

10
4

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

Control MTV siRNA alone

10
4MTV/siRNA complex Lipofectamine/siRNA complex MTV/scramble siRNA complex

Annexin V-Alexa Fluor 488

Pr
op

id
iu

m
 Io

di
de

(0.15%) (0.48%)

(0.33%)

(0.13%) (0.47%)

(0.45%)

(0.14%) (0.65%)

(0.35%)

(0.10%) (0.13%)

(0.07%)

(0.41%) (6.27%)

(18.27%)

(0.20%) (6.91%)

(16.24%)

(C)

0

5

10

15

20

25

30

Pe
rc

en
ta

ge
 o

f a
po

pt
os

is
 (%

)

Annexin+PI+ Annexin+PI+ Annexin+PI+

Annexin+PI- Annexin+PI- Annexin+PI-

Annexin+PI+ Annexin+PI+ Annexin+PI+

Annexin+PI- Annexin+PI- Annexin+PI-

(ESI Fig. S6B�, lanes 2-5) were stained with ethidium bromide 
(EB) after running agarose gel electrophoresis. The EB signal can 
dramatically decrease accompanied by the MTV/siRNA with an 
N/P ratio ranging from 25 to 100 compared to those of the 
TV/siRNA. The disappearance of the EB signal indicates that the 5 

condensation efficiency of the MTV/siRNA was higher than that 
of the TV/siRNA; EB can only insert into free siRNA or loose 
complex to emit a red fluorescence. The condensation efficiency 
can be estimated as ranging from 20 to 45% (right panel, black 
circle) and higher than 80% (right panel, black square) for 10 

TV/siRNA and MTV/siRNA, respectively. Subsequently, the 
siRNA release profiles (ESI Fig. S6A� and B�, lanes 7-10) of 
these complexes were further studied by treatment with SDS after 
RNase digestion.  Despite the fact that the condensation 
efficiency of the MTV/siRNA complex was higher than that of 15 

the TV/siRNA complex, a stronger  EB signal can still be 
observed from the releasing profiles of the MTV/siRNA (ESI Fig. 
S6B�, lanes 7-10) rather than from those of the TV/siRNA  (ESI 
Fig. S6A�, lanes 7-10). Apparently, the quantification of siRNA 
shows almost all siRNA to be released from TV vehicle (right 20 

panel, gray circle) rather than from MTV (right panel, gray 
square), suggesting that the MTV/siRNA complex might more 
stable than the TV/siRNA complex. These results indicate the 
structure of the MTV/siRNA complex to be more compact than 
that of the TV/siRNA complex. TEM images with negative 25 

staining (Fig. S7) demonstrated the structural differences between 
these complexes. The contrast image with black and white can be 
observed from the TV/siRNA and the MTV/siRNA, respectively, 
indicating a denser complex from the MTV than the TV. Such the 
compact complex derived from MTV/siRNA would be verified 30 

the stability in serum, the result showing in Fig. 6. It is 
noteworthily that no significant EB signals can be observed in 
medium containing 10% or 30% serum (Fig. 6A) as well as no 

Fig. 6 (A) The stability of MTV/siRNA complexes in the presence of 
serum was evaluated. (B) To demonstrate the well-protected siRNA by 35 

the MTV vehicle can be measured after the SDS replacement. Note that 
the smear bands above the siRNA signals were the mixtures of SDS and 
serum. 

concerns from degradation since the siRNA still can be released 
by SDS replacement (Fig. 6B). The results indicated that the 40 

siRNA can be well-protected by MTV to prevent serum digestion. 

Induction of apoptosis by siRNA silencing 

To study whether the MTV with efficient siRNA protection and 
cytosolic access can directly affect the silencing efficiency, the 
MTV was associated with Bcl-2 siRNA to form complexes. To 45 

test the silencing performance, the HEK 293 cells were used to 
perform the mRNA knockdown of Bcl-2, a well-known key 
inhibitor of apoptosis induced in mammalian cells,40 by using 
Bcl-2 siRNA. Fig. 7A shows that the viability of cells treated 
with the MTV/Bcl-2 siRNA complex was found to decrease 50 

approximately to 75 %, which was almost the same as the 
treatment with siRNA commercial transfection agent 
(lipofectamine decreased to approximately 75 %). The 
quantification of silencing efficiency displayed in the Fig. 7B, in 
which the apoptotic effect in each sample was assessed by gating 55 

cell populations from early (top right quadrant) and lately 
apoptotic stages (bottom right quadrant). Apparently, the 
percentage of apoptosis induction is 25% from the MTV/siRNA 
complex as well as that of Lipofectamine complex. This result 
demonstrates that siRNA transfection can indeed be improved by 60 

using an excellent endosome-escape vector (i.e., MTV) to 
cytosolic access. Such efficient silencing can be confirmed by the 
Western-Blot result (Fig. 7C) as well. As expected, a significant 
down-regulation in Bcl-2 can be observed from the MTV (the 
right column) compared to other groups (siRNA-alone, MTV-65 

alone, MTV/scramble siRNA), and the efficiency was similar to 
that of Lipofectamine. These results indicate that the MTV/Bcl-2 
siRNA complex can efficiently induce cell apoptosis.  

Fig. 7 (A) Population of cell apoptosis analyzed by flow cytometry under 
various treatments for 72 h, the HEK 293 cells after treating four 70 

conditions: control, siRNA-alone, MTV/siRNA, lipofectamine/siRNA 
and MTV/scramble siRNA, respectively. (B) To quantify the efficiency of 
apoptosis induction from the multiple sets of nanoplexes. Note that the 
percentages of apoptosis induction from various nanoplexes were 
calculated from the total value within the top and bottom right quadrant 75 

per each profile. (C) The silencing efficiency of Bcl-2 was analyzed by 
Western blot. 
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Conclusion 
In summary, we developed a simple and novel strategy based on 
co-caging gold-nanoclusters and methyl-motifs that leads to 
detoxification of dendrimers and allow cystolic access for siRNA 
Transfection. By embedding tiny gold-nanoclusters, the structures 5 

of dendrimer become compact that induce an irreversible 
backfolding of the outer primary amines from the branch to the 
core, which dramatically reduces the toxicity of the dendrimers, 
enhancing their safety. The co-presence of methyl-motifs can 
enhance cytosolic access of dendrimers to deliver siRNA for 10 

mRNA knockdown. This finding provides a novel perspective to 
facilitate various cationic polymers for detoxification in 
biological applications through a co-caging strategy without 
further chemical modifications. 
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