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Due to their special electrical, optical, and magnetic proper-
ties, materials less than 100 nm in size are very promising
for biosensors, bio-separation, and drug delivery."” In
recent years liposomes and polymers have been used as car-
riers for transfections.l! Certain inorganic materials such as
silica nanoparticles, carbon nanotubes, and silica nanotubes
have been used as transporters with little toxicity in mam-
malian-cell transfections.’ These zero-dimensional nano-
particles and one-dimensional nanotubes suggest that nano-
materials, if modified properly, can be used as carriers for
transfections. However, the application of three-dimensional
nanostructures as biomolecule carriers is less well-studied.

Here, we report three-dimensional functionalized tetra-
pod-like ZnO nanostructures as novel carriers for mammali-
an cell transfections. In this work, silica-coated amino-mod-
ifed nanostructures were prepared. Through electrostatic in-
teractions, ZnO tetrapods could be bound to plasmid DNA.
When mixed with cells, the tetrapods attached to cell mem-
branes. Just as phages stand on cells with six legs suitable
for gene delivery, ZnO nanostructures stand on the cells
with three needle-shaped legs for DNA delivery as a result
of their tetrapodal shape. With three tips located on the cell
surfaces, the opportunity of internalization of the tips by
cells should be increased. In addition, the geometry of the
tetrapods imply a much larger steric hindrance, which
makes it difficult for the tetrapods to pass wholly through
the cell membranes. Just as phages insert genes into cells
without entering them, tetrapods delivered plasmid DNA
into the cells while standing on the cell membrane. This
result is helpful in decreasing any cytotoxic effects. These
results demonstrate a novel application of tetrapod-like
nanostructures for gene delivery.
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Three-dimensional ZnO nanostructures were synthe-
sized by thermal evaporation at 900°C."®! The nanostructures
consisted of four needle-shaped tetrahedrally arranged legs
connected at the center, forming a tetrapod-like ZnO struc-
ture. The legs were single-crystalline and stable in air, with
a mean diameter of ~80 nm and a length of 5-10 um. As
shown in Figure 1 A, one of the needle-shaped legs was per-

Figure 1. SEM images of tetrapod-like ZnO nanostructures, before (A)
and after silica coating (B). After modification, the mean diameter of
the nanostructures increased to =150 nm.

pendicular to the substrate while the other three legs re-
mained in contact with the substrate. Utilizing their tetrapo-
dal shape, the ZnO crystals were used as stable field emit-
ters by our group or as atomic force microscopy probing
tips by Tohda and co-workers."*'!

Inspired by the use of microneedles for transdermal
drug delivery, it was considered to use needle-shaped ZnO
legs to penetrate cell membranes for plasmid DNA deliv-
ery.""14 For binding plasmid DNA, tetrapods were coated
with silica and amino groups by using a sol-gel process,®**
where both tetraethyl orthosilicate (TEOS, precursor of
silica) and aminopropyltriethoxysilane (APTES, amino-
modification reagent) were added to the reaction solution.
The process was simple, and the amount of amino groups
on the tetrapods could be controlled by using different
ratios of APTES to TEOS. After the coating reaction, the
core-shell nanostructures were separated from the reaction
medium by centrifuging at ~3000 rpm; they were then dis-
persed into ethanol. The separation procedure was carried
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out several times to remove unwanted silica nanoparticles
(produced during the coating procedure).

Since both the size and the weight of the tetrapod-like
nanostructures were much higher than those of the silica
nanoparticles, it was easy to separate the two species by
centrifugation. As shown in Figure 1B, the diameter of the
nanostructures increased (~150nm) and their surfaces
became more rough (amorphous silica) during the coating
procedure; their tetrapodal shape was maintained. Energy
dispersive X-ray anaylsis (EDX) indicated that after modifi-
cation with both APTES and TEOS (in a ratio of 1:4), the
weight percentage of nitrogen was over 7 %. It is reasonable
to assume that this nitrogen came from amino groups in
APTES.

The quantity of amino groups on the tetrapods was
measured by a Kaiser assay. As shown in Figure 2A, the
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Figure 2. Agarose gel electrophoresis of the supernatant separated
from the mixture of tetrapods and pEGFPN1 DNA: Plasmid DNA with-
out tetrapods (lane 1), plasmid DNA mixed with tetrapods modified
only with TEOS (lane 2), and plasmid DNA mixed with tetrapods
modified with different ratios of APTES and TEOS; 1:10 (lane 3), 1:6
(lane 4), 1:4 (lane 5), 1:2 (lane 6). When the ratio was equal to or
over 1:4, DNA was not observed in the supernatant (lanes 5 and 6).

number of amino groups on the tetrapods increased with an
increase in the proportion of APTES used during the modi-
fication process. When the ratio of APTES to TEOS was
1:4, the concentration of amino groups on the tetrapods was
~2.5 mmolg™!, which suggested a high positive charge den-
sity on the surface in aqueous solutions."¥ Agarose gel elec-
trophoresis was used to evaluate the conjugation of tetra-
pods with plasmid DNA. Amino-modified tetrapods (10 pg)
were mixed with pEGFPN1 DNA (1 uL) for 3 min. After
centrifugation, the supernatant was kept for electrophoresis.
As shown in Figure 2B, plasmid DNA moved and dispersed
in the gel under an electric field when no tetrapods were
present (lane 1). When mixed with tetrapods modified only
with TEOS, almost the same amount of DNA was found in
the supernatant (lane 2). However, when APTES was used
in the modification process, DNA in the supernatant de-
creased. When the ratio (APTES to TEOS) was equal to or
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over 1:4, DNA was not observed at all in the supernatant
(lanes 5 and 6).

Amino-modified tetrapods bound to pEGFPN1 DNA
through electrostatic interactions between positively charg-
ed amino groups on the tetrapods and the negatively charg-
ed phosphate groups of DNA."*15 The ratio of phosphate
to nitrogen was ~1:1 when 1pL of pEGFPN1 DNA and
10 pg of tetrapods (modified with both APTES and TEOS,
ratio 1:4) were mixed together. Since they can effectively
bind plasmid DNA, tetrapods modified with both APTES
and TEOS (with the 1:4 ratio) were used for DNA delivery.

Tetrapods on cells were visualized with scanning elec-
tron microscopy (SEM). Either without tetrapods or with
amino-modified tetrapods, A375 cells (a human melanoma
cell line) were cultured on a glass cover slip in Dulbecco’s
modified eagle’s medium (DMEM) culture. Without adding
tetrapods, A375 cells attached to the cover slip (Figure 3 A).
When amino-modified tetrapods were added in the culture,
tetrapods were found on the cell surface although the cover
slip was washed several times with phosphate-buffered

Figure 3. A) SEM image of an A375 cell on a glass cover slip before
the addition of tetrapods. B) SEM image of an A375 cell cultured
with amino-modified tetrapods. Although the cell was rinsed several
times, tetrapods were still found on the cell membrane.
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saline (PBS) buffer (Figure 3B).
As they were not completely solu-
ble, some tetrapods were deposit-
ed onto the cells by precipitation;
the interaction between the posi-
tive charges of amino-modified
tetrapods and the negative charg-
es of cell membranes may have
been helpful for the attachment of
tetrapods onto the cells. Just as
phages stand on the cells with six
legs for gene delivery, some nano-
structures stood on the cells with
three legs. As a result of their tet-
rapodal shapes, one leg was, in
some cases, perpendicular to the
cell surface while the other three
legs remained in contact with the
cell membrane.

As amino-modified tetrapods
can bind DNA and can attach to
cell surfaces, they were used in an
attempt to deliver plasmid DNA.
ZnO tetrapods (10 pg) modified
with both APTES and TEOS
(ratio 1:4) were mixed with 2 uL
of pEGFPNI1 (containing GFP as
a reporter gene) for 3 min. The
tetrapod-DNA complexes were
then introduced into cell culture
solutions. The solution was further
incubated for 48 h to allow GFP
gene expression in the transfected
cells. ZnO tetrapods without
amino groups (modified with only
TEOS) were used as controls. The
number of cells emitting green
fluorescence was counted under
an inverted fluorescence microscope. Laser confocal micro-
scopy was used to record images of the transfections. As
shown in Figure 4B, green fluorescence was observed from
some cells cultured with amino-modified ZnO tetrapods.
The result indicated that green fluorescence proteins were
successfully expressed in these cells and that there were
exogenous GFP genes within the cells. However, no green
fluorescence was found for cells cultured with tetrapods
without amino groups (data not shown). Therefore, amino-
modified tetrapod-like nanostructrues, as transfection carri-
ers, can deliver plasmid DNA into mammalian cells.

In addition, lipofectamine 2000-DNA complexes, zero-
dimensional amino-modified ZnO nanoparticles, and one-
dimensional amino-modified ZnO nanorods were used as
positive controls. In experiments, ZnO nanorods and ZnO
nanoparticles were coated with silica and loaded with DNA
in the same way as for the ZnO tetrapods. ZnO nanorods
(~100 nm in diameter and ~2 um in length) were synthe-
sized from aqueous solutions.'” Using APTES and TEOS
(in a ratio of 1:4), the nanorods and nanoparticles (=20 nm
in diameter) were coated. After modification, the diameter
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Figure 4. Confocal images of cell transfection: A) Fluorescence image of A375 cells cultured with
lipofectamine 2000-DNA complexes. Green fluorescence was observed from some cells. B) Com-
bined optical and fluorescence image of A375 cells cultured with tetrapod—DNA complexes. Green
fluorescence was observed from some cells. C) Optical image of A375 cells cultured with lipofecta-
mine 2000-DNA complexes. Several black spots (dead cells) were observed. D) Optical image of
cells cultured with tetrapod—-DNA complexes. Fewer black spots were found.

of the ZnO nanopariticles was ~50 nm and the diameter of
ZnO nanorods was ~110 nm. Under an inverted fluores-
cence microscope, transfection efficiency was evaluated by
the number of cells emitting green fluorescence (Fig-
ure 5A). The transfection efficiency was measured as fol-
lows: nanorods < tetrapods < nanoparticles < lipofectamine
2000.

It is well known that transfection efficiency depends on
the size of carriers.!'"”! For nanoparticles with a small diame-
ter (~50 nm), cellular uptake was easy and transfection effi-
ciency was high (Figure 5 A). However, the transfection effi-
ciency of tetrapods was better than that of nanorods, despite
the fact that the size of the tetrapods (5-10 pm in length,
~150 nm in diameter) was larger than that of the nanorods
(~2 um in length, 110 nm in diameter). Similar to phages
standing on cell membranes, with needle-shaped tips on the
cell surfaces, three legs of the tetrapods stood obliquely
(Figure 3B), thus the opportunity for internalization of the
tips within the cells was increased, which may lead to an in-
crease in transfection efficiency. Therefore, the tetrapod-like
shape was helpful in transfecting DNA into mammalian cells.
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Figure 5. A) Transfection efficiency of different carriers. The transfec-
tion efficiency of tetrapods was higher than that of nanorods. B) MTT
assay of carriers at different concentrations. The cytotoxicity of tetra-
pods was less than that of nanorods.

Cytotoxicity was also examined for this system. Fig-
ure 4C and D show optical confocal images of cells cultured
with lipofectamine 2000-DNA complexes and tetrapod—
DNA complexes, respectively. Dead cells appeared as black
spots. Several black spots were observed in Figure 4C
whereas fewer black spots were found in Figure 4D. These
images indicated that the cytotoxicity of the tetrapodal
nanostructures was less than that of liposome. In addition,
an MTT assay (MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) was used for further investigation.
As shown in Figure 5B, tetrapods do not alter cell growth
enormously, even at a high concentration (50 ugmL™").
However, lipofectamine 2000 affected cell growth at a con-
centration of 10 ugmL~". The data was consistent with the
results obtained through microscopic methods (Figure 4C
and D). The degree of cytotoxicity was measured as follows:
tetrapods < nanorods < nanoparticles < lipofectamine 2000.

ZnO nanomaterials coated with silica (a well-known bio-
compatible material) exhibited better biocompatible surfa-
ces than liposome. Compared with nanoparticles, tetrapodal
nanostructures showed less cytotoxicity and less efficiency.
Compared with nanorods, tetrapods had lower cytotoxicity,
but with better transfection efficiency. The geometry of the
tetrapods implied a much larger steric hindrance, which
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makes it difficult for nanostructures to wholly pass through
the cell membranes. Just as phages insert genes into cells
without entering them, tetrapods delivered plasmid DNA
into cells while standing on the cell membrane. Thus, tetra-
pod-shaped nanostructures were shown to reduce cytotoxici-
ty.

In conclusion, we have reported the preparation of
silica-coated amino-modified tetrapod-like ZnO nanostruc-
tures. The functionalized tetrapods can bind plasmid DNA
through electrostatic interactions. When mixed with cells,
the tetrapods attach to cell membranes and can stand on
the cells using three needle-shaped legs for DNA delivery.
The legs can stand obliquely on the cell surface, so that in-
ternalization of their tips within cells can be maximized. In
addition, the geometry of the tetrapods makes it more diffi-
cult for these nanostructures to pass through the cell mem-
branes, which reduces their cytotoxicity. The charge concen-
tration, tetrapod-like shape, and biocompatibility of these
functionalized nanostructures provide a basis for mammali-
an-cell transfection carriers.

Experimental Section

Silica coating and amino modification of tetrapod-like ZnO
nanostructures: Tetrapod-like ZnO nanostructures (26 mg) were
mixed with 2-propanol (20 mL) and ethanol (40 mL). Then deion-
ized water (5 mL) and ammonia solution (1.5 mL, 25 wt%) were
ten added into the reaction mixture. Under continuous mechani-
cal stirring, APTES and TEOS in various ratios (0, 1:10, 1:6, 1:4,
and 1:2; total 400 L) were added into the reaction solutions.
The reaction was allowed to proceed at room temperature for
8 h. After the coating reaction, the core—shell nanostructures ob-
tained were separated from the reaction medium by centrifuga-
tion at =~3000 rpm for 10 min. They were then dispersed into
ethanol. The separation procedure was carried out several times
to remove unwanted silica nanoparticles that were produced
during the coating process. Dried in air, the samples were ana-
lyzed by SEM and EDX.

Preparation and modification of ZnO nanorods and nanopar-
ticles: ZnO nanorods were synthesized from aqueous solution."®
An equimolar (0.1 m) aqueous solution of zinc nitrate and hexa-
methylene tetramine (C,H,,N,) was placed in a standard labora-
tory oven. The solution was heated at 95°C for 6 h. After the re-
action, ZnO nanorods were separated from the reaction medium
by centrifugation at 3000 rpm and then thoroughly washed with
water to remove residual salt. The ZnO nanorods were then dried
in air at room temperature. After that, ZnO nanorods or ZnO
nanoparticles (=20 nm in diameter, China Xiamen Lulijia com-
pany) were modified with both APTES and TEOS in the same way
as for the tetrapods (described above).

Kaiser assay: Tetrapods (0.15 mg) modified with different
ratios of APTES and TEOS (0, 1:10, 1:6, 1:4, and 1:2) were
mixed with acetate buffer (200 pL, 1M, pH 4.5) and 200 pL of a
ninhydrin buffer (ninhydrin (150 mg), isopropanol (10 mL), acetic
acid (0.3 mL), diluted in water to a 100 mL final volume). The
mixture was treated at 100°C for 20 min. After centrifugation at
10000 rpm for 10 min, the supernatant was detected with a
spectrophotometer (A=565 nm). The amount of amino groups
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on tetrapods was calculated based on the standard curve of gly-
cine.

Agarose gel electrophoresis of tetrapod—-DNA complexes: Tet-
rapods (10 pg) modified with different ratios of APTES and TEOS
(0, 1:10, 1:6, 1:4 and 1:2) were mixed with 1 uL pEGFPN1 DNA
(=10 mgmL™*, Clontech, USA) in water (30 pL) for 3 min at room
temperature. After centrifugation at 3000 rpm, the supernatant
was collected for electrophoresis. Agarose gel electrophoresis
(1% agarose) was used to examine the conjugation of tetrapods
with DNA.

SEM analysis of tetrapods on cells: A375 cells were cultured
directly onto a glass cover slip in 2 mL DMEM culture containing
10% FBS, ECGS (0.03 mgmL™Y) and kanamycin (50 units mL™?%).
Once the cells had grown to confluence, 10 pL of amino-modi-
fied ZnO tetrapods (2 mgmL™") was added to the culture after ul-
trasonic treatment and incubation with cells for 30 min. The
cover slip was then removed from the growth medium and
placed onto microscope slides. The cover slip was washed sever-
al times with PBS. Afterwards, A375 cells were submitted to the
fixation and sputter coating procedure before SEM observation.
As controls, A375 cells without tetrapods were also observed by
SEM.

Cell transfection of plasmid DNA: A375 cells were cultured in
10 mL DMEM in a 24-well incubator. After the cells had grown to
60-80% confluence, ZnO tetrapods (10 pg) modified with both
APTES and TEOS (in a ratio of 1:4) were mixed with 2 pL of
pEGFPN1 DNA (10 mgmL™) in deionized water (30 pL) for 3 min.
The tetrapod—DNA complexes were then placed into cell culture
medium. For negative controls, ZnO tetrapods without amino
groups (modified only with TEOS) were employed. For positive
controls, 2 pL of lipofectamine 2000 (1 mgmL™) and 2 puL of
pEGFPN1 were dispersed in 50 yL of DMEM for 10 min. Then the
mixture was incubated with the cells in DMEM medium. In addi-
tion, amino-modified nanoparticles and amino-modified nano-
rods, coated with silica (1:4 ratio of APTES to TEOS) were used
as positive controls. 10 pg of nanoparticles or nanorods were
mixed with 2 pL of pEGFPN1 DNA (10 mgmL™) in deionized
water (30 uyL) for 3 min. The resulrtant nanoparticle—-DNA or
nanorod—DNA complexes were then placed into cell culture. The
number of green fluorescent cells was counted under an inverted
fluorescence microscope. At high resolution, the boundary be-
tween cells was clear and it was possible to judge which cells
were fluorescent by comparing the optical image with the fluo-
rescence image. Laser confocal microscopy was used to record
images of the transfections.

MTT assay: A375 cells were cultured in 96-well plates with
DMEM and antibiotics. When the cells reached 80% confluence,
lipofectamine, amino-modifed ZnO nanoparticles, amino-modi-
fied nanorods, and amino-modified tetrapods were added into
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the culture solution with the following final concentration: 10,
20, 30, 40, and 50 pgmL~?, respectively. All of these ZnO nano-
materials were modified with both APTES and TEOS (in a ratio of
1:4). After incubation for 12 h, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was added to the wells to
give a final concentration of 1 mgmL™. The solution was then in-
cubated with the cells for 4 h at 37°C. The cells were washed
with PBS, and then incubated with DMSO (80 uL) at room tem-
perature for 3 min and detected at a wavelength of 595 nm.
Cells without ZnO nanomaterials were cultured as controls.
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