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Abstract
We demonstrated a convenient, flexible and modular synthetic approach for preparation of a small
library of DNA encapsulated supramolecular nanoparticles SNPs⊃DNA and RGD-SNPs⊃DNA
with different sizes and RGD target ligand coverage for targeted gene delivery.

Gene therapy generally requires delivery vehicles that are capable of (i) carrying/protecting
genetic materials, e.g., DNA and siRNA, and (ii) target-specific delivery to desired tissues or
subsets of cells.1 Over the past decades, significant endeavors have been devoted to develop
non-viral gene delivery vehicles2,3 as alternatives to their viral counterparts, whose
applications are restricted due to the potential safety issues and complex processes of preparing.
Among the existing non-viral gene delivery systems,4–8 nanoparticle-based gene delivery
vehicles9–12 have received extensive attention.

Recently, we developed a novel assembly approach13 for the preparation of size-controllable
supramolecular nanoparticles (SNPs) via multivalent molecular recognition based on β-
cyclodextrin (CD) and adamantane (Ad) motifs. A collection of SNPs with sizes ranging from
30 to 450 nm were prepared by mixing three molecular building blocks, including (i) cationic
Ad-grafted polyamidoamine dendrimer (Ad-PAMAM), (ii) cationic CD-grafted branched
polyethylenimine (CD-PEI) and (iii) Ad-grafted polyethylene glycol (Ad-PEG), all at
different concentrations. Given the fact that the interior of SNPs is composed of a cationic Ad-
PAMAM/CD-PEI hydrogel network, it is conceivable that SNPs can encapsulate anionic
plasmid DNA via electrostatic interactions. This new type of gene delivery system can provide
significant protection of the encapsulated DNA from degradation in an extracellular context.

Here, we adopted this supramolecular assembly approach to prepare a small library of DNA-
encapsulated SNPs (SNPs⊃DNA and RGD-SNPs⊃DNA, Scheme 1) with controllable sizes
and tunable surface coverage of a targeting ligand, i.e., arginine-glycine-aspartic (RGD)
peptide. A two-step preparation process has been developed to first generate both 100 and 300
nm SNPs⊃DNA from Ad-PAMAM, CD-PEI, Ad-PEG and DNA, followed by in situ
RGD ligand exchange of SNPs⊃DNA to give six different RGD-SNPs⊃DNA with ligand
coverage of 1, 5 and 10 mol% (based on Ad-PEG). In this proof-of-concept study, a plasmid
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DNA encoded with an enhanced green fluorescent protein (EGFP) driven by a CMV promoter
was used as a reporter system, and the RGD ligand14 was employed to recognize the αvβ3
integrin receptor on the membranes of certain types of tumor cells. To characterize the sizes,
morphologies and surface charges of the resulting SNPs⊃DNA and RGD-SNPs⊃DNA, we
carried out dynamic light scattering (DLS), transmission electron microscope (TEM) and zeta
potential measurements, respectively. Finally, the gene transfection effciency and specificity
of each SNPs⊃DNA and RGD-SNPs⊃DNA in the small library were examined using αvβ3
high-expressed and low-expressed cells, along with the control delivery systems.

We first determined the DNA loading capacity to be used for preparation of SNPs⊃DNA and
RGD-SNPs⊃DNA. Similar to cationic polymer based gene delivery systems,15,16 the DNA
loading capacity of SNPs depends on the net cationic charges embedded in the interior Ad-
PAMAM/CD-PEI hydrogel network. We utilized both electrophoresis analysis17 and ethidium
bromide exclusion assay18 to measure the DNA loading capacity of the Ad-PAMAM/CD-
PEI hydrogel (Fig. S1 and S2, ESI†), resulting in the respective nitrogen/ phosphate (N/P)
ratios of 2.6 and 5.0. The N/P ratio of 5.0 was chosen to ensure complete DNA encapsulation
in our studies. Next, SNPs⊃DNA with 100 and 300 nm diameters were prepared separately
by slowly adding a PBS solution (pH = 7.2) of CD-PEI (600 nM) into PBS solution containing
Ad-PAMAM (300 nM for 100 nm SNPs⊃DNA and 600 nM for 300 nm SNPs⊃DNA), Ad-
PEG (3 μM) and DNA (2.2 nM), followed by incubation at room temperature for 20 min. The
DLS measurements indicated that the hydro-dynamic sizes of the 100 and 300 nm
SNPs⊃DNA were 106 ± 14 and 312 ±47 nm, respectively. Subsequently, the samples of each
size of SNPs⊃DNA were split into four aliquots, and three of them were subjected to the in
situ ligand exchange by adding 30, 150 or 300 nM of RGD-PEG-Ad (Scheme S1, ESI†). A
collection of RGD-SNPs⊃DNA with different RGD coverage,19 namely 100-1%, 100-5%,
100-10%, 300-1%, 300-5% and 300-10%, were obtained accordingly. After in situ ligand
exchange, the hydrodynamic sizes of RGD-SNPs⊃DNA exhibited negligible changes (o5%,
Fig. S4, ESI†). The morphologies of SNPs⊃DNA and RGD-SNPs⊃DNA were then examined
by using TEM. The TEM images (Fig. 1) showed smaller sizes (62 8 for 100 nm
SNPs⊃DNA and 210 ± 24 nm for 300 nm SNPs⊃DNA), spherical shapes and narrow size
distributions of SNPs⊃DNA and RGD-SNPs⊃DNA. Zeta potential measurements indicated
that the surface-charge densities of 100 and 300 nm SNPs⊃DNA were 3.7 ± 0.4 and 6.8 ± 0.5
mV, respectively. After ligand exchange, small increases (3–11%)in zeta potentials of RGD-
SNPs⊃DNA were observed (Fig. S5, ESI†).

We carried out an in vitro EGFP transfection study of a collection of SNPs⊃DNA and RGD-
SNPs⊃DNA along with the controls, i.e., DNA, DNA complexes of CD-PEI, CD-PEI/ Ad-
PEG and RGD-jet-PEI, in 8-well chamber slides containing two αvβ3 high-expressed cells
(i.e., U87 and scraping-collected 3T3 cells)20 and two αvβ3 low-expressed cells (i.e., MCF7
and 0.25% trypsin-treated 3T3 cells).21

For the purpose of comparison, an equal amount of EGFP-encoded plasmid DNA (100 ng)
was added to individual cell culture chambers in this transfection study. The resulting 48
individual EGFP transfection experiments were incubated at 37 °C (5% CO2) for 24 h. After
para-formaldehyde fixation and DAPI nuclear staining, a fluorescence microscope was used
to quantify the EGFP expression levels in individual cells. These levels were then used to
determine the transfection effciency for each vehicle. The transfection study was repeated three
times, and the results of average transfection effciency of gene delivery vehicles for different
cell lines were summarized in Fig. 2. First, DNA complexes based on each of the molecular
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building blocks (CD-PEI and CD-PEI/Ad-PEG) gave very poor transfection performance
similar to free plasmid DNA, indicating that the formation of supramolecular nanoparticles is
crucial for achieving enhanced transfection effciency. Second, it is apparent that 100-nm RGD-
SNPs⊃DNA exhibited higher transfection effciency than those of 300-nm analogues. This
observation is consistent with the results from the reported polymer-based gene delivery
systems,22–24 in which vehicles with 10–100 nm size range display better gene transfection
effciency.13 Third, 100-5% RGD-SNPs⊃DNA gave the highest transfection effciency
compared to those observed for SNPs⊃DNA and other targeted RGD-SNPs⊃DNA. The
reduced transfection effciency observed for 100-10% RGD-SNPs⊃DNA can be attributed to
an excess amount of free RGD ligand in the culture medium, which compromised the targeted
binding of RGD-SNPs⊃DNA as a result of a competition effect.11 Overall, 100-5% RGD-
SNPs⊃DNA demonstrated the best transfection effciencies (57 ± 11% and 31 ± 8% for αvβ3
high-expressed 3T3 and U87, respectively). These results are comparable to those observed
for the commercially available RGD-jet-PEI (64 ± 15% and 38 ± 9% for αvβ3 high expressed
3T3 and U87, respectively), which is a well-known selective and effcient transfection reagent
for integrin-expressing cell lines.25 Fourth, in addition to high transfection effciency, 100-5%
RGD-SNPs⊃DNA also exhibited outstanding delivery specificity to the αvβ3 high expressed
cells, U87 (31 ± 8%) and 3T3 (57 ± 11%), over the α3β3 low expressed cells, MCF7 (21 ± 6%)
and trypsin-treated 3T3 (15 ± 4%). Four-fold difference in transfection effciencies were
observed for 100-5% RGD-SNPs⊃DNA between αvβ3 high-expressed and αvβ3 low
expressed 3T3 cells, while only 1.2-fold difference was observed for RGD-jet-PEI. In contrast
to non-target-specific transfection performance of RGD-jet-PEI, 100-5% RGD-
SNPs⊃DNA had higher transfection effciency for the U87 cell line with respect to the
MCF7 cell line, which indicated good transfection specificity of RGD-SNPs⊃DNA for the
αvβ3 high expressed cell lines. Moreover, we tested the toxicity of SNPs⊃DNA and RGD-
SNPs⊃DNA by using the cell viability assay. The cells transfected by SNPs⊃DNA and RGD-
SNPs⊃DNA were compared with the cells cultured in the normal medium. There were no
significant differences in viability (97 ± 2%), which suggested that the toxicity of
SNPs⊃DNA and RGD-SNPs⊃DNA is negligible for in vitro transfection studies (Fig. S6,
ESI†).

In conclusion, we demonstrated a convenient, flexible and modular synthetic approach for
preparation of a small library of SNPs⊃DNA and RGD-SNPs⊃DNA with different sizes and
RGD ligand coverage. Gene transfection studies of SNPs⊃DNA and RGD-SNPs⊃DNA
library for αvβ3 high-expressed cells and αvβ3 low-expressed cells were performed. The results
revealed that the size and target ligand coverage of RGD-SNPs⊃DNA played a critical role
in the target-specific gene delivery. In conjunction with the use of a miniaturized high
throughput screening platform26 and molecular imaging technology,13 we will dramatically
accelerate the discovery processes of SNPs-based gene delivery vehicles toward in vivo
application.
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Fig. 1.
TEM micrographs of (a) 100 nm SNPs⊃DNA and (b) 300 nm SNPs⊃DNA. Insets: the
respective higher magnification TEM images. Scale bars: 100 nm. (c) and (d) Histograms
summarize the size distributions of 100 nm SNPs⊃DNA and 300 nm SNPs⊃DNA in dry
states.
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Fig. 2.
(a) EGFP transfection effciency of a collection of SNPs⊃DNA and RGD-SNPs⊃DNA along
with control delivery systems for two αvβ3 high-expressed cells (U87 and scraping-collected
3T3 cells) and two αvβ3 low-expressed cells (MCF7 and 0.25% trypsin-treated 3T3 cells). The
representative fluorescence micrographs of 57 ± 11% and 9 ± 4% transfection effciencies
observed for (b) 5 mol% RGD-grafted 100 nm RGD-SNPs⊃DNA (100-5%)-treated αvβ3
high-expressed 3T3 cells and (c) 1 mol% RGD-grafted 300 nm RGD-SNPs⊃DNA
(300-1%)-treated αvβ3 low-expressed 3T3 cells.
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Scheme 1.
A two-step modular assembly approach for preparation of a small library of DNA-encapsulated
supramolecular nanoparticles (SNPs⊃DNA and RGD-SNPs⊃DNA) with controllable sizes
and tunable RGD ligand coverage.
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