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Abstract

Cationic dendrimers constitute a potential nonviral vector for gene therapy due to their
ability of forming electrostatic complexes with DNA (dendriplexes). However, the
supramolecular structure of dendriplexes and its impact on the cellular uptake and gene
transfection remain largely unknown. Using synchrotron small angle X-ray scattering, here
we show that DNA in complexes with poly(amidoamine) (PAMAM) G4 dendrimers
exhibited three distinct packaging states modulated by the degree of their protonation (dp).
Our structure characterization suggests that the nanostructure of DNA in dendriplexes
transformed from square-packed straightened chains (dp/0.1) to hexagonally-packed
superhelices (dp/0.3) and eventually to a beads-on-string configuration (dp/0.6 and dp/0.9).
The transfection efficiency in HT1080 cells significantly enhanced when the dp value was
increased from 0.1 to 0.3. This enhancement was due to a higher positive surface charge of
dendriplexes formed at higher dp, which facilitated adherence of test dendriplexes to the
negatively charged cell membranes for the subsequent endocytosis. Although the surface
charge of dendriplexes still increased accordingly, further increase of the dendrimer dp value
to 0.9 reduced the transfection efficiency. This unexpected suppression of transfection may
be attributed to the wrapping of DNA around dendrimers that frustrates the interaction
between dendrimer and cholesterol in the membrane raft via the caveola-mediated
endocytosis. These results can be used for the rational design of dendrimer-based gene

delivery devices.
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1. Introduction

Numerous materials have been studied as potential vectors for gene delivery with
varying results [1]. Dendrimers constitute a unique class of hyperbranched macromolecules
composed of layers of monomer units radiating from a central core; each complete grafting
cycle is called a generation [2,3]. Although dendrimers are less efficient than viral vectors,
they have the potential for use in gene therapy and other therapeutic applications due to their
safety and lack of immunogenicity [4]. Because of its relatively high transfection efficiency,
polyamidoamine (PAMAM) is the most commonly used dendrimers for gene delivery [5].
The amine groups of PAMAM dendrimers can be positively charged through proton transfer
in acidic aqueous media. PAMAM dendrimers and DNA form complexes via electrostatic
interactions between their protonated amine groups and the negatively charged phosphate
groups of nucleic acids [6].

Dendrimers are reported to be internalized into cells by endocytosis [7]. The surface
charge of dendrimers may influence their cellular uptake and subsequent transfection
efficiency [8]. In this study, we prepared different degrees of protonation (dp, i.e., the
number fraction of protonated amine groups) of PAMAM dendrimers and then complex with
DNA to form dendriplexes in distinct nanostructures. Understanding the nanostructures of
dendriplexes and their effects on the endocytosis and transfection efficiency is essential for
the rational design of dendrimer-based gene delivery devices.

The size and zeta potential (surface charge) of the prepared dendriplexes together with
their morphology and internal structures were examined by dynamic light scattering (DLS),
transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS),
respectively. The potential of transfection efficiency of test dendriplexes was evaluated by
luminance spectrometry and flow cytometry, while their internalization effectiveness was

examined using a confocal laser scanning microscope (CLSM) and a flow cytometer.

2. Materials and Methods
2.1. Plasmid DNA
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The plasmid DNAs used in the study were pEGFP-N2 (4.7 kb, coding an enhanced
green fluorescence protein reporter gene, Clontech, Palo Alto, CA, USA) and pGL4.13 (4.6
kb, coding a firefly luciferase reporter gene, Promega, Madison, WI, USA). pEGFP-N2 and
pGL4.13 were amplified using DH5a and purified by Qiagen Plasmid Mega Kit (Valencia,
CA, USA) according to the manufacturer’s instructions. The purity of plasmids was analyzed
by gel electrophoresis (0.8% agarose), while their concentration was measured by UV
absorption at 260 nm (Jasco, Tokyo, Japan). pEGFP-N2 and pGL4.13 were linearized using
EcoO1091 and BamHI (New England Biolabs, Ipswich, MA, USA), respectively, and
subsequently purified by Gene-Spin™ 1-4-3 DNA Purification Kit-\/* (Protech Technology
Enterprise, Taipei, Taiwan).

2.2. Preparation of test dendriplexes

PAMAM G4 dendrimers with a diaminobutane core in methanol solution were
acquired from Dendritic Nanotechnologies (Mount Pleasant, MI, USA). After thoroughly
drying, the solid was redissolved in distilled water to produce a 0.2% (w/v) stock solution [6].
The solutions were stored at 4°C until use. Subsequently, four different dp values (0.1, 0.3,
0.6 and 0.9) of aqueous dendrimers were prepared by adding predetermined amounts of 0.1N
HCI. For the preparation of PAMAM/DNA dendriplexes suspension (700 ul) in distinct
nanostructures, 32.5 ug of linear pEGFP-N2 (or pGL4.13) was individually added to 222.5
ug of aqueous dendrimers with different dp values and then thoroughly mixed for 30-60 s
using a vortexer and left for at least 1 h at room temperature. The molar ratio of the amine
groups (N) of dendrimers to the phosphate groups (P) of DNA was 1, 3, 6, 10, 15 or 20.

2.3. Characterization of test dendriplexes

The loading efficiency of DNA in each studied group was measured by the PicoGreen
assay [9,10]. Briefly, 200 ul of the PicoGreen reagent (diluted 200-fold, Molecular Probes,
Carlsbad, CA, USA) was mixed with the same volume of a blank solution (TE buffer, 10mM
Tris-Cl, pH 7.5, 1ImM EDTA) or dendriplex solutions prepared at various N/P ratios. After 2
min incubation, each solution was added to 1.6 ml of TE buffer in a test tube and then

analyzed using a FL-2500 Fluorescence Spectrofluorometer (Hitachi, Japan). Results were
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represented as relative fluorescence (%) to DNA control.

The retardation of DNA in dendriplexes prepared at different dp values was evaluated
by electrophoresis. The size and zeta potential of test dendriplexes were investigated using
DLS (Zetasizer 3000HS, Malvern Instruments Ltd., Worcestershire, UK). The morphology
of test dendriplexes was examined by TEM (JEOL, Tokyo, Japan) [11].

2.4. SAXS experiments

The internal structure of test dendriplexes was probed by SAXS. Aqueous suspensions
of dendriplexes prepared using DNA and dendrimers with dp values of 0.1, 0.3, 0.6 and 0.9
were individually introduced into the sample cell comprising two ultralene windows for
SAXS measurements. The SAXS experiments were performed at room temperature using
Beamline BL17A1 at the National Synchrotron Radiation Research Center (NSRRC),
Hsin-Chu, Taiwan. The wavelength (1) of the X-ray was 1.333 A and a two-dimensional
MAR image plate with 100 x 100 pum? pixel resolution was used to collect the scattering
intensity data. The sample-to-detector distance and flat-field correction were calibrated by
the mixture of silver behenate and Si powders. The intensity profile was output as the plot of
the scattering intensity (I) vs. the scattering vector, q = 4n/A sin (0/2) (0 = scattering angle)
[12].

2.5. In vitro transfection

HT1080 (human fibrosarcoma) cells were cultured in a supplemented cell medium
(Dulbecco’s Modified Eagle’s Medium, DMEM) with 1% penicillin-streptomycin and 10%
fetal bovine serum (FBS). Cells were seeded on 12-well plates at 2 x 10° cells/well overnight
and then transfected at 50-80% confluency [13]. Prior to transfection, the media were
removed and cells were rinsed twice with transfection media (DMEM without FBS).
Subsequently, a dendriplex suspension containing DNA originally prepared in pure water
was applied to each well for transfection. Cells were replenished with 1.1 ml transfection
media containing test dendriplexes solution (5 pg DNA) or naked DNA (5 ng DNA).

At 4 h post transfection, the transfection media containing dendriplexes were removed;

the cells rinsed three times with transfection media and refilled with FBS-containing media
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until analysis at 24 h after transfection. Cells were then observed under a fluorescence
microscope (Carl Zeiss Optical, Berlin, Germany) to monitor any morphological changes
and to obtain an estimate of the transfection efficiency. At 4 h after transfection,
EGFP-positive cells were clearly observed for all studied groups; with time progressing, the
expression of EGFP increased significantly. At 24 h post transfection, the number of
EGFP-positive cells was quantified using flow cytometry. Cells transfected with
Lipofectamine™ 2000 (Invitrogen, Carlshad, CA, USA) were used as a positive control and
those without any treatment were used as a negative control.
2.6. Percentage of cells transfected

The percentage of cells transfected was quantitatively assessed at 24 h after
transfection by flow cytometry. Cells were detached by 0.05% collagenase. Cell suspensions
were then transferred to microtubes, fixed by 4% paraformaldehyde and determined the
percentage of cells transfected by a flow cytometer (Beckman Coulter, Fullerton, CA, USA)
equipped with a 488 nm argon laser for excitation. For each sample, 10,000 events were
collected and fluorescence was detected. Signals were amplified in logarithmic mode for
fluorescence to determine the EGFP positive events by a standard gating technique. The
percentage of positive events was calculated as the events within the gate divided by the total
number of events, excluding cell debris.
2.7. Gene expression level

The gene expression levels of cells were assayed by quantifying the expressions of
luciferase. Cells were plated on 24-well plates (1 x 10° cells/well) and transfected as
described above with the exception that 2 ug pGL4.13 was used. The cells transfected were
lysed by 100 ul of passive lysis buffer (Promega). The cell lysate was transferred into a
1.5-ml microtube, while the cell debris was separated by centrifugation (14,000 rpm, 5 min).
Subsequently, a 100 pl of the luciferase assay reagent (Promega) was added to a 20 ul of the
supernatant and the relative luminescence of the sample was determined by a microplate
luminometer (Berthold Technologies, Bad Wildbad, Germany) and normalized to the total

cell protein concentration by the Bradford method.
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2.8. MTT assay

The cytotoxicity of test dendriplexes was evaluated in vitro using the MTT assay [13].
HT1080 cells were seeded on 24-well plates at a density of 1 x 10° cells/well, allowed to
adhere overnight and transfected by test dendriplexes containing 2 pg DNA. After 4 h, test
samples were aspirated and cells were replenished with a fresh growth medium and
incubated for another 20 h. Subsequently, cells were incubated in a growth medium
containing 1 mg/ml MTT reagent for an additional 4 h; each medium was then removed
prior to the addition of a 500 ul of dimethyl sulfoxide to ensure solubilization of formazan
crystals. Finally, the optical density readings were performed using a multiwall scanning
spectrophotometer (Dynatech Laboratories, Chantilly, VA, USA) at a wavelength of 570 nm.
2.9. Fluorescent dendriplex preparation, CLSM visualization and flow-cytometry analysis

FITC-labeled dendrimers were synthesized as per the methods described in the
literature [14]. To remove the unconjugated FITC, the synthesized FITC-dendrimers were
dialyzed in the dark against deionized water and replaced on a daily basis until no
fluorescence was detected in the supernatant. The resultant FITC-dendrimers were dried in
an oven. FITC-labeled dendriplexes were then prepared as described before to track the
internalization of dendriplexes by CLSM (TCS SL, Leica, Germany) and to quantify their
cellular uptake by flow cytometry, respectively.

To track the internalization of dendriplexes, cells were seeded on 12-well plates with a
sterile glass coverslip at 2 x 10° cells/well and incubated overnight. Subsequently, cells were
rinsed twice with transfection media and transfected with FITC-labeled dendriplexes. After
incubation for 1 h, test samples were aspirated. Cells were then washed twice with
pre-warmed phosphate buffered saline (PBS) before they were fixed in 4%
paraformaldehyde. Finally, the fixed cells were examined under a CLSM.

To quantify the cellular uptake of dendriplexes, cells were plated on 12-well plates and
transfected with FITC-labeled dendriplexes at a concentration of 5 ug DNA/well for 1 h.
After transfection, cells were detached by 0.05% collagenase and transferred to microtubes.

Subsequently, cells were resuspended in PBS containing 1mM EDTA and fixed in 4%
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paraformaldehyde. Finally, the cells were introduced into a flow cytometer equipped with a
488-nm argon laser.
2.10. Endocytosis inhibition

Cells were pre-incubated with the following inhibitors at concentrations which were
not toxic to the cells: 10 pg/ml of chlorpromazine [15], 50nM wortamannin [16], 200uM
Genistein [4,8], 5 pg/ml filipin [4] or 10mM MBCD [4]. Following the pre-incubation for 30
min, the inhibitor solutions were removed, and freshly prepared dendriplexes (FITC-labeled)
in media containing the same inhibitor concentrations as those mentioned above were
individually added and further incubated for 1 h. Subsequently, the cells were washed three
times with PBS, collected according to the methods described above and analyzed by flow
cytometry.
2.11. Statistical analysis

Comparison between groups was analyzed by the one-tailed Student’s t-test (SPSS,
Chicago, Ill). All data are presented as a mean value with its standard deviation indicated
(mean £ SD). Differences were considered to be statistically significant when the P values

were less than 0.05.

3. Results and Discussion
3.1. Preparation of test dendriplexes and optimization of N/P ratio for transfection study
PAMAM dendrimers and DNA formed dendriplexes via electrostatic interactions, and
their constituted compositions for transfection were optimized using EGFP/flow-cytometric
analysis of transfected cells. As shown in Fig. 1a, the percentage of transfected cells
increased significantly with increasing the N/P ratio of dendriplexes (P < 0.05). Among all
studied groups, the maximum transfection was found at an N/P ratio of 15/1 or 20/1;
however, significant cell toxicity was observed in these two groups. Additionally, a
dose-dependent increase in the number of cells transfected was seen (Fig. 1b); but a low cell
viability was observed when 10 ug DNA/well was used. Therefore, preparation of test

dendriplexes was carried out using an N/P ratio of 10/1 and an amount of 5 ug DNA/well
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was used in the subsequent experiments.
3.2. Size and zeta potential of test dendriplexes

As shown in Table 1, the sizes of the dendriplex particles prepared at distinct dp values
were in the range of 150 to 165 nm and their zeta potential increased with increasing dp. Fig.
2a displays a representative TEM micrograph of a dendriplex nanoparticle with a dp value of
0.1. As shown, the particle was quite compact and largely spherical in shape. Similar feature
was observed for the complexes with other dp values.

3.3. Nanostructure of dendriplexes

SAXS was employed here to probe the internal nanostructure of test dendriplexes.
Because the electron density contrast of DNA relative to water is about 2.85 times that of
PAMAM dendrimers, the SAXS intensity of the complex is dominated by the partial
structure factor associated with DNA-DNA correlation; consequently, the scattering curve
mainly yields the information about the spatial organization of DNA within dendriplex
particles [17-19].

Fig. 2b shows the SAXS profiles of test dendriplexes formed at different dp values. The
scattering profile of dp/0.1 complexes exhibited three lattice peaks with the relative positions
of 1:2Y%4Y2 showing the formation of a square columnar phase in which the DNA chains
arranged in a square lattice [17-19], as schematically illustrated in Fig. 3a. The DNA
chains in the square lattice are relatively straightened, and the dendrimer macrocations are
accommodated in the interstitial tunnels between DNA.

For dendriplexes with a high dp value of 0.6 or 0.9, the SAXS profiles displayed a
strong peak at ca. 2.3 nm™ and a vaguely identified peak at 1.45 or 1.28 nm™. The feature
of the scattering pattern was quite similar to that of the previously reported SAXS profiles of
chromatin [20-22], suggesting that the strong electrostatic attraction induced wrapping of
DNA around the dendrimer for effective charge matching to yield the chromatin-like
“beads-on-string structure” (Fig. 3b). The scattering peak at ca. 2.3 nm™ (gp) was attributed
to the highly regular pitch of the wrapping, while the small peak observed at lower q was

considered to be associated with the interparticle distance d of the ‘“nucleosome-like”
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particles.

The formation of beads-on-string structure in dp/0.6 and dp/0.9 complexes was verified
by comparing the observed SAXS profiles with the calculated scattering curve of an open
chromatin-like fiber. We first constructed a chromatin-like rod formed by a DNA chain
(approximated by a flexible uniform cylinder with the diameter of 2.0 nm) wrapping around
a number of dendrimer macrocations (with each approximated by a uniform sphere with the
diameter of 4 nm) placing along a fiber axis with the axial interparticle distance d. The
wrapping was assumed to be tight with a regular pitch length of P (Fig. 3b). The scattering
profile of such a structure was then calculated by the Debye equation [23]. The solid curve
(in red) superposing on the SAXS profile of dp/0.9 dendriplexes was the calculated
scattering curve of a chromatin-like fiber composing of 9 nucleosome-like particles placing
in sequence with the values of P and d of 2.9 nm and 4.8 nm, respectively. It can be seen that
the assumed beads-on-string model reproduced the basic feature of the observed SAXS
profile.

For dp/0.3 dendriplexes, the scattering profile exhibited a primary peak at 1.44 nm™, a
broad peak at 1.97 nm™ and a small peak at 2.5 nm™. The position ratio 2.5 nm™ peak to the
primary peak was about 1:3Y2 implying that DNA in the dendriplex packed in a hexagonal
lattice. The 1.97 nm™ peak was however not prescribed by the higher-order diffraction of the
hexagonal lattice. It has been shown in the foregoing analysis of the beads-on-string
structure that the twist of DNA into superhelix could give rise to a pitch scattering peak.
Therefore, we proposed that the electrostatic attraction with dp/0.3 dendrimer induced a
moderate twist of DNA into superhelices packed in a hexagonal lattice and the 1.9 nm™ peak
corresponded to pitch scattering, as schematically illustrated in Fig. 3c. This structure is
called ‘hexagonally-packed DNA superhelices”.

The structure characterization thus suggests that the structure of DNA in the
dendriplexes transformed from square-packed straightened chains (dp/0.1) to
hexagonally-packed superhelices (dp/0.3) and eventually to a beads-on-string configuration

(dp/0.6 or dp/0.9). This structural transformation was in accord with the increasing

10
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weighting of electrostatic attraction over DNA bending energy with increasing charge
density. Due to their similarity in structural configuration for dp/0.6 and dp/0.9 dendriplexes,
only the latter one together with dp/0.1 and dp/0.3 complexes were chosen for the rest of the
study.

3.4. DNA loading efficiency and agarose gel retardation

The PicoGreen assay was performed to assess the loading efficiencies of DNA in test
dendriplexes prepared at different N/P ratios and dp values [24]. PicoGreen reagent, a DNA
intercalating dye, is more sensitive than ethidium bromide. The fluorescence of PicoGreen
reagent is quenched when anionic DNA is condensed into dendriplexes with cationic
dendrimers [10]. As compared with free DNA (Fig. 4a), little fluorescence was detected for
the dendriplexes prepared at distinct N/P ratios and dp values, indicating that their DNA
loading efficiencies were about the same and approached 100%.

The binding capacity of dendrimers with DNA in dendriplexes prepared at various dp
values was evaluated using the gel retardation assay and the results are given in Fig. 4b. As
shown, the migration of DNA was retarded completely, suggesting that the prepared
dendriplexes were physically stable.

3.5. Percentage of cells transfected and gene expression level

To explore effects of the nanostructure of dendriplexes on the transfection efficiency,
cells were treated with test dendriplexes prepared at different dp values. Transfection
efficiencies were presented by two numeric indicators: percentage of cells transfected and
gene expression level [25]. As shown in Fig. 53, at 4 h after transfection, EGFP-positive cells
were clearly observed for all studied groups; with time progressing, the expression of EGFP
increased significantly. At 24 h post transfection, the number of EGFP-positive cells was
quantified using flow cytometry. As shown in Fig. 5b, the percentage of cells transfected
with dp/0.3 dendriplexes was significantly higher than those treated with dp/0.1 or dp/0.9
dendriplexes (P < 0.05).

The gene expression levels of cells were assayed by quantifying the expression of

luciferase with a microplate luminometer. As indicated in Fig. 5c, the luciferase gene
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expression level for the group transfected by dp/0.3 dendriplexes was significantly greater
than those treated with dp/0.1 or dp/0.9 dendriplexes (P < 0.05).
3.6. Cytotoxicity

The cytotoxicity of PAMAM dendrimers and their dendriplex counterparts prepared at
distinct dp values was evaluated by the MTT assay and the results are given in Fig. 6. As
compared to negative control (NC, the group without any treatment) and naked DNA (NK),
the viability of cells treated with PAMAM dendrimers or Lipofectamine™ 2000 decreased
relatively (P < 0.05). Polycations have been used as transfection agents; most of these
cationic materials are comparatively cytotoxic [26]. The cytotoxicity of PAMAM dendrimers
is known to be generation dependent [7,27]; low-generation dendrimers showed significantly
less cytotoxicity than higher-generations [27]. Additionally, the nature and density of
charged groups are other factors that determine the toxicity of dendrimers [28]. With DNA
encapsulated, the viability of cells treated with dendriplexes prepared at different dp values
decreased further, due to their intracellular expression of EGFP. It is known that EGFP
protein is toxic to the cells [29].
3.7. Cellular uptake of test dendriplexes

CLSM was used to visualize the cellular uptake of test dendriplexes. In this experiment,
FITC-labeled dendrimers were synthesized and employed to prepare test dendriplexes. At 1
h after transfection, accumulation of FITC-labeled dendriplexes was observed in most of the
incubated cells in all studied groups (Fig. 7a). The percentage of cells that internalized
FITC-labeled dendriplexes and their fluorescence intensity were quantified by flow
cytometry. As shown in Fig. 7b, there was no significant difference in the percentage of cells
that internalized FITC-labeled dendriplexes among all studied groups (P > 0.05). However,
the intensity of fluorescence observed in the group treated with dp/0.3 dendriplexes was
significantly stronger than those transfected with dp/0.1 or dp/0.9 dendriplexes (P < 0.05,
Figs. 7c and 7d).
3.8. Effects of endocytotic inhibitors on cellular uptake of dendriplexes

To elucidate differences in the uptake mechanism, the interaction between test

12
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dendriplexes (FITC-labeled) and cell membranes was investigated by treating cells with
different chemical inhibitors and then analyzed by flow cytometry. Their counterparts in the
absence of inhibitors were used as controls. Chlorpromazine is used as an inhibitor for
clathrin-mediated uptake [15,30] and wortmannin is an inhibitor of macropinocytosis [31].
As shown in Fig. 8, treatment with chlorpromazine did not result in an inhibition of uptake
of dendriplexes prepared at different dp values (P > 0.05), indicating that none of test
dendriplexes appeared to be taken up by the clathrin-mediated endocytosis. In contrast, cells
treated with wortmannin caused a significant decrease in cellular uptake for all studied
groups (P < 0.05), indicating that macropinocytosis was involved in the uptake of test
dendriplexes.

It was reported that cholesterol and membrane rafts are involved in membrane
trafficking [4]. Manunta et al. suggested that membrane cholesterol and raft integrity are
physiologically relevant for the cellular uptake of dendriplexes via the caveola-mediated
pathway [4]. Caveolae are flask-shaped invaginations in the plasma membrane enriched in
cholesterol and spingolipids [32]. Genistein, filipin and methyl-p-cyclodextrin (MBCD) are
known to inhibit the caveola-mediated endocytosis, each acting by a different mechanism
[4,33]. Genistein, a tyrosine kinase inhibitor, is used to block the caveola-mediated
endocytosis [4,34,35]. Filipin is an antibiotic that incorporates into lipid membranes and
chelates cholesterol; MBCD, a water-soluble cyclic oligomer of glucopyranoside, acts strictly
on the cell surface, selectively extracting cholesterol without being incorporated into plasma
membrane [4,34,35].

As compared to controls, cells treated with inhibitors (genistein, filipin or MBCD)
diminished the percentage of cellular uptake significantly by about 20-50% (P < 0.05, Fig.
8). The highest degree of inhibition (about 40-50%) was found for the cells treated with
genistein. The group treated with dp/0.3 dendriplexes had the highest degree of suppression
among all studied groups (P < 0.05). The aforementioned results of uptake assays suggest
that both the macropinocytosis and caveola-mediated routes were involved in the

internalization of dendriplexes; but the caveola-mediated pathway played a more significant
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role (Fig. 9a).
3.9. Effects of the nanostructure of dendriplexes on endocytosis and transfection efficiency
Our in vitro transfection study revealed that the transfection efficiency of dendriplexes
did not vary monotonically with dedrimer dp but showed a maximum at dp/0.3 (Figs. 5b and
5¢). The fact that the cellular uptake given by the amount of dendriplexes internalized into
the cells (Figs. 7c and 7d) also followed the same trend, indicating that endocytosis was the
key step governing the transfection efficiency. The higher transfection of dp/0.3 dendriplexes
compared with dp/0.1 dendriplexes (Figs. 5b and 5c) can be attributed to their higher
positive surface charge (Table 1), which facilitated the adherence of test particles to the
negatively charged cell membranes and enhance the subsequent endocytosis process.
Although dp/0.9 dendriplexes had a higher surface charge, the interaction between
dendrimer and cholesterol (via the caveola-mediated pathway) was frustrated by their
beads-on-string structure (Fig. 9b) as the DNA wrapping around the dendrimer tended to
shield such an interaction, thus suppressing the cellular uptake and the transfection efficiency.
It is interesting to note that even if the total cellular uptake of dp/0.9 dendriplexes was higher
than dp/0.1 counterparts (Figs. 7c and 7d), their transfection efficiencies were comparable
(Fig. 5b). This may imply that the expression of DNA carried by dp/0.9 dendriplexes
involved a higher activation barrier. Such a barrier may be associated with the dewrapping of

DNA from the nucleosome-like particles due to the strong electrostatic attraction.

4. Conclusions

In conclusion, we have revealed how the dp value (or charge density) of cationic
dendrimers modulates the DNA packaging state and forms complexes with distinct
nanostructures and their effects on endocytosis and gene expression. Formation of the
beads-on-string structure at higher dendrimer dp values may exert a negative effect on the
transfection efficiency of dendriplexes as the DNA wrapping around dendrimers frustrates
the dendrimer-cholesterol interaction via the caveola-mediated endocytosis. The results

obtained in the study may be used to fine-tune the dendriplex nanostructure for the rational
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design of gene carriers.
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Table

Table

Table 1. Sizes and zeta potentials of test dendriplexes prepared at a defined N/P ratio of 10/1

and various dp values (or charge densities, n = 5).

N/P Ratio = 10/1 Size (nm) Zeta Potential (mV)
dp/0.1 dendriplexes  149.2 +1.7 38.9+£0.5
dp/0.3 dendriplexes  151.3+1.6 47.8+0.6
dp/0.6 dendriplexes  161.3+1.2 473116
dp/0.9 dendriplexes  163.6 + 2.5 51.1+1.7
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Captions

Figure Captions

Figure 1. (a) Percentages of cells that were transfected with dendriplexes (dp/0.1)prepared at different N/P ratios,

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

analyzed by flow cytometry (n = 3); (b) percentages of cells that were transfected with dendriplexes
prepared at an N/P ratio of 10/1 with different amounts of DNA/well used (N/P=10), analyzed by flow
cytometry (n = 3). NC: negative control (the group without any treatment).

(a) A representative TEM micrograph of a dp/0.1 dendriplex nanoparticle; (b) the SAXS profiles of test
dendriplexes with the dp values of 0.1, 0.3, 0.6 and 0.9. The arrows mark the observable scattering
peaks.

Schematic illustrations of three distinct nanostructures of test dendriplexes formed at different
dendrimer dp values. The rods/strings and the balls represent DNA and dendrimer, respectively. (a)
square columnar phase formed at dp/0.1; (b) nucleosome-like beads-on-string structure formed at
dp/0.6 or dp/0.9; (c) hexagonally-packed DNA superhelices formed at dp/0.3.

(a) Results of the PicoGreen reagent assay of test dendriplexes. Mean + SD (n = 3). (b) Gel retardation
analyses of test dendriplexes. Samples were run on a 0.8% agarose gel and subsequently stained
using ethidium bromide.

Transfection efficiencies of test dendriplexes. (a) EGFP expressions of cells transfected with
dendriplexes prepared at an N/P ratio of 10/1 and different dp values for distinct periods. Cells were
transfected in vitro using dendriplexes prepared at different dp values after 24 h post-transfection. (b)
Percentages of cells that were transfected with test dendriplexes prepared at different dp values,
analyzed by flow cytometry (n = 3). (c) Normalized luciferase activities of transfected cells that
expressed luciferase, analyzed by a microplate luminometer (n = 5). Cells were transfected in vitro
using dendriplexes prepared at different dp values at 24 h post transfection. NC: negative control (the
group without any treatment); LF: Lipofectamine™ 2000.

Relative viability of cells treated with dendriplexes [with (w/) or without (w/o) DNA] prepared at different
dp values. Cells were transfected with test samples for 4 h and analyzed for metabolic activity for 24 h
later using the MTT assay (n = 5). Relative viabilities were determined relative to untreated control
cells. NC: negative control (the group without any treatment); NK: naked DNA; LF: LipofectamineTM

2000.
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Figure 7. Results of CLSM observation and flow-cytometry analysis of the cellular uptake of test dendriplexes. (a)

Figure 8.

Figure 9.

Confocal images of cells transfected with FITC-labeled dendrimer/DNA complexes prepared at
different dp values for 1 h. Cell nuclei were stained with propidium iodide (PI). (b) Percentages of
cellular uptake of FITC-labeled dendrimer/DNA complexes prepared at different dp values, analyzed
by flow cytometry (n = 3). (c) Intracellular uptake and (d) intracellular fluorescence intensities (n = 3) of
FITC-labeled dendrimer/DNA complexes prepared at different dp values, determined by flow cytometry.
NC: negative control (the group without any treatment).

Effects of inhibitors on the internalization of test dendriplexes (FITC-labeled). Percentages of
intracellular uptake of FITC-labeled dendrimer/DNA complexes prepared at different dp values after
the cells were treated with distinct chemical inhibitors, determined by flow cytometry (n = 3). Control:
the group without any treatment; Chlor: the group treated with chlorpromazine; Wort: the group treated
with wortmannin; Geni: the group treated with genistein; Filipin: the group treated with filipin; MBCD:
the group treated with methyl-B-cyclodextrin.

Schematic illustrations of potential mechanisms of internalization of test dendriplexes. (a) Schematic
illustrations of potential uptake pathways of test dendriplexes with three distinct packaging states. Both
the macropinocytosis and caveola-mediated routes were involved in the internalization of dendriplexes;
but the caveola-mediated pathway played a more significant role. (b) Schematic illustrations of the
interaction of test dendriplexes prepared at different dp values with cell membranes, specifically for the

caveola-mediated endocytosis.
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Figure 9a
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