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have shown that DNA can be used to

fabricate not only two-dimensional (2D)
nanopatterns' ™ but also three-dimen-
sional (3D) polyhedra.>~"" RNA, sharing
great similarity with DNA, despite being
more labile than DNA, has also advanced
significantly in nanotechnology.'*~'* A vari-
ety of applications of 3D DNA assemblies
have been proposed; according to the ten-
segrity principle that triangular faces will
lead to rigid structures,’® 7 DNA icosahe-
dra would be expected to be rigid and
resistant to deformation and hence could
potentially serve as nanocages.'' Recently
Mao et al. made a breakthrough in DNA
nanofabrication by designing a five-point-
star motif to assemble DNA icosahedra;'”
however, the intangible DNA architecture
remains a major challenge.'” In addition, to
our knowledge, no report has shown that
3D DNA assemblies are likely capable of
intracellular delivery, since oligonucleotides
cannot traverse cell membranes. However,
short, single-stranded oligonucleotides known
as aptamers'®'® have been shown to be
able to recognize cellular surface receptors
and thus have been used to import the
wanted nanoparticles, but not 3D DNA na-
noparticles, into targeted cells. Two general
approaches could be imagined to modify
3D DNA nanoparticles' surface with apta-
mers. One is postmodification after the
construction of DNA assemblies; however,
the modification methods have not yet
been developed. The other is premodifica-
tion before the assembling onset of 3D DNA
nanostructure, in which aptamer sequences
should be the end-segments of DNA strands
and could be allowed to be located on the
outside of DNA nanoparticles. However,
with the use of a premodification method
in such as Mao's strategy, we suggest that
those DNA polyhedra might fail to form or

In the past decade, a series of reports
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ABSTRACT DNA can be used to nanofabricate three-dimensional (3D) polyhedra. A variety of

applications of 3D DNA assemblies have been proposed. Drug encasulation and intracellular delivery

using DNA nanoparticles, however, have remained a challenge. Here, we create a distinct five-point-

star motif and aptamer-conjugated six-point-star motif using well-used primer sequences to

intermolecularly construct DNA icosahedra as a nanocarrier for doxorubicin. Aptamer-conjugated

doxorubicin-intercalated DNA icosahedra (Doxo@Apt-DNA-icosa) show an efficient and specific

internalization for killing epithelial cancer cells.
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that aptamers might fail to adopt a distinct
3D conformation due to the interference of
a complicated intra- or intermolecular inter-
action of the polyhdera with aptamers. Dox-
orubicin, a widely used drug in cancer chemo-
therapy,°~%? is an anthracycline antibiotic.
Closely related to the natural product dau-
nomycin, and like all anthracyclines, it works
by intercalating DNA, %% a feature that also
render its intercalation capability in DNA
nanoparticles. Here, without the aid of a
computer program to design DNA sequences,
we create a distinct five-point-star motif
(and six-point-star motif) using well-used
primer sequences to intermolecularly con-
struct DNA icosahedra as a nanocarrier for
doxorubicin. DNA aptamers were conju-
gated to doxorubicin-intercalated DNA ico-
sahedra to efficiently and specifically kill
epithelial cancer cells.

RESULTS AND DISSCUSSION

Our approach to forming DNA icosahedra
is illustrated in Figure 1A: In a one-pot
process, five individual DNA single strands
(I, 1L, I, IV, and V) are first assembled into
sticky-ended five-point-star motifs and then
further assembled into icosahedra through
sticky-end association between the tiles.
Each single strand, which contains 48
nucleotides, can be subdivided into three
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Figure 1. Scheme of self-assembly of DNA icosahedra. (A) Five DNA strands stepwise assemble into sticky-ended five-point-
star motifs. Five-point-star motifs then further assemble into DNA-icosa. (B) Six DNA strands assemble into sticky-ended six-

point-star motifs. Six-point-star motifs then further assemble i

nto Apt-DNA-icosa. Doxorubicin is then intercalated into both

DNA-icosa and Apt-DNA-icosa. The doxorubicin-intercalated area is highlighted.

16-nucleotide segments. The first two segments of
each strand are complementary to those of the other
two neighboring strands and point to the center of the
five-point-star motif. The sequences of the first two
segments were derived from primer sequences that
have been widely used in autosequencing for decades.
These widely used primer sequences could guarantee
the successful forming of icosahedra because nonspe-
cific binding and internal stem loop formation could be
reduced. The third segment as the sticky end possesses
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a palindrome sequence that contains double restric-
tion endonuclease BamH sites for its characterization.
The palindrome sequence was also designed in order
to make individual tiles' sticky ends complementary
with each other.

Six individual DNA single strands for forming apta-
mer-conjugated DNA-icosahedra (shown as Apt-DNA-
icosa) are shown in Figure 1B. MUC 1 is an important
class of tumor surface marker that is uniquely and
abundantly expressed on a broad range of epithelial
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cancer cells.?>?® These markers are also rapidly re-
cycled through intracellular compartments®’*® and
thus can serve as entry portals for aptamers.® There-
fore, the MUC 1 aptamer sequence identified in a
previous study?®® was used as the end segment of
strand VI. Also in a one-pot process, six individual

DNA single strands (I, II, 1, IV, V/, and VI) were first
assembled into sticky-ended six-point-star motifs, with
five of these strands (I, Il, Ill, IV, and V') bending to a

specific angle to hybridize with adjacent tiles, and
strand VI standing alone. Bending of the five strands
erected aptamer-containing strand VI; eventually, all
the tiles assembled into icosahedra through sticky-end
association. Doxorubicin was then incorporated into
DNA-icosa (Doxo@DNA-icosa) and Apt-DNA-icosa
(Doxo@Apt-DNA-icosa), where dsDNA serves as the
docking site for doxorubicin (Figure 1).

The assembly of DNA icosahedra was characterized
by multiple techniques, including agarose gel electro-
phoresis (AGE), dynamic light scattering (DLS), and
transmission electron microscopy (TEM). In AGE, a clear
band (both DNA-icosa and Apt-DNA-icosa) with high
molecular weight is observed on the gel when correct
molecular concentrations of DNA strands (1000 nM for
each strand) are used, suggesting that the assembly of
the large DNA complex is concentration dependent
(noted as a red star at the lower-right corner of the
band; Figure 2A). The yields of DNA-icosa and Apt-
DNA-icosa assembly are ~79% and ~75%, respec-
tively, as estimated by AGE (1000 nM for each DNA
strand in Figure 2A). It is notable that a weak band with
low molecular weight appears in a negative correlation
with the concentrations of DNA strands (noted as a
yellow star at the lower-right corner of the band;
Figure 2A). The low molecular band corresponds to
the expected size of either the five-point-star motif
(120 bp) or aptamer-conjugated six-point-star motif
(144 bp). DLS studies reveal that after cooling for 48 h
the large DNA complex was formed by incubating
these 5 or 6 DNA strands (1000 nM for each strand)
and possesses an apparent hydrodynamic diameter of
28.2 3.0 nm for DNA-icosa and 28.6 = 5.0 nm for Apt-
DNA-icosa (Figure 2B). These values are very close to
that of the diameter of the designed DNA icosahedron.
To provide direct evidence for the assembly of DNA
into DNA-icosa and Apt-DNA-icosa, we have imaged
the DNA samples by TEM (Figure 2C). Figure 2C shows
all the DNA complexes as well-structured, icosahedrally
shaped particles either before or after doxorubicin
intercalation. These results suggest that the five-
point-star and six-point-star tiles have been assembled
into the DNA-icosa and Apt-DNA-icosa, respectively.

The identification and doxorubicin intercalation ef-
ficiency of Doxo@DNA-icosa and Doxo@Apt-DNA-
icosa are shown in Figure 2D. Various concentrations
(from 1 to 1000 uM) of doxorubicin were mixed with
DNA-icosa (800 nM) and Apt-DNA-icosa (800 nM).
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These DNA samples then underwent incubation at
room temperature for 1 h, followed by centrifugation.
Dark red precipitates were found at the bottom of
every individual tube, indicating doxorubicin-interca-
lated DNA icosahedra. The doxorubicin intercalation
efficiency of Doxo@DNA-icosa gradually increases with
increasing concentration of doxorubicin, while that of
Doxo@Apt-DNA-icosa remains steady. About 40% of
doxorubicin was intercalated into both Doxo@DNA-
icosa and Doxo@Apt-DNA-icosa when 1000 xM dox-
orubicin was used. Accordingly, about 1200 molecules
of doxorubicin were associated with a particle. This
intercalation condition was used in the following ex-
periments. The data suggest a simple and efficient
doxorubicin intercalation into DNA icosahedra.

Next, a MUC1-negative cell line, a Chinese hamster
ovary cell line (CHO-K1; MUC17), and a MUC1-postive
human breast cancer cell line (MCF-7; MUC 17) were
used to examine the capacity and specificity of cellular
internalization and the cytotoxicity of Doxo@Apt-DNA-
icosa. Flow cytometry showed a higher cellular inter-
nalization efficiency of Doxo@Apt-DNA-icosa than
Doxo@DNA-icosa in MCF-7 cells but not in CHO-K1
cells, suggesting an aptamer-mediated internalization
of DNA nanoparticles and a cell selectivity of this
internalization (Figure 3A). Moreover, the cellular inter-
nalization of Doxo@Apt-DNA-icosa in MCF-7 cells was
concentration-dependent (Figure 3A). Confocal micro-
scopy also showed that only Doxo@Apt-DNA-icosa
efficiently internalized into MCF-7 cells and that the
distribution of doxorubicin surrounded the nucleus
(Figure 3B).

In order to further confirm the aptamer-mediated
cellular selectivity of internalization of Doxo@Apt-
DNA-icosa, CHO-K1 cells were prelabeled with green
dye (Vybrant DiO cell-labeling solution) and then co-
cultured with MCF-7 cells for Doxo@Apt-DNA-icosa
internalization determination. The co-cultures were
treated with free doxorubicin, Doxo@DNA-icosa, and
Doxo@Apt-DNA-icosa and then examined using con-
focal microscopy. In all treated groups, CHO-K1 cells
were observed in green fluorescence; however, MCF-7
cells could be detected only with red fluorescence of
doxorubicin in the Doxo@Apt-DNA-icosa-treated group
(Figure 3C). Moreover, there was no observation of the
co-localization between Vybrant green and doxorubi-
cin red (Figure 3C). To prove the specific interaction
between Doxo@Apt-DNA-icosa and MUC 1, a cold
competition assay for cellular internalization study
was performed. Flow cytometry shows that MUC
1-specific aptamers could prohibit the cellular inter-
nalization of Doxo@Apt-DNA-icosa in MCF-7 cells
(Figure 3D), indicating the specific interaction be-
tween Doxo@Apt-DNA-icosa and MUC 1. The data
demonstrate that MUC 1 aptamers efficiently and
specifically deliver Doxo@Apt-DNA-icosa into MUC
1" MCF-7 cells.
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Figure 2. Characterization and doxorubicin intercalation of DNA icosa and Apt-DNA-icosa. (A) Agarose gel electrophoresis
(2%) analysis of the self-assembly DNA-icosa and Apt-DNA-icosa. Various concentrations (from 62.5 to 1000 nM) of individual
DNA strands (equal molecular ratio for each strand) were tested to find the optimal concentration for forming DNA-icosa and
Apt-DNA-icosa. Lane M: 100 bp DNA ladder marker. (B) DLS analysis shows the size of DNA-icosa and Apt-DNA-icosa. (C) TEM
images shows the structure of DNA-icosa and Apt-DNA-icosa (stained with EtBr and then negative stained with AM and
trehalose) and Doxo@DNA-icosa and Doxo@Apt-DNa-icosa (only negative stained with AM and trehalose). (D) Various
concentrations (from 1 to 1000 nM) of doxorubicin were mixed with DNA-icosa and Apt-DNA-icosa to determine their
intercalation efficiency. Lane 1 is doxorubicin (1 to 1000 nM). Lanes 2 and 3 are DNA-icosa and Apt-DNA-icosa, respectively.
Lanes 4 and 5 are doxorubicin mixed with DNA-icosa and Apt-DNA-icosa, respectively. Samples were imaged immediately
after they were mixed; after centrifugation they were incubated for 1 h at room temperature; then their supernatant was
removed. The pellets for Doxo@DNA-icosa and Doxo@Apt-DNA-icosa were analyzed to determine doxorubicin intercalation
efficiency. About 50 nmol of doxorubicin was intercalated into 200 pmol of DNA (DNA-icosa and Apt-DNA-icosa) when
1000 «M doxorubicin was used.

In the cytotoxicity study using MTT assay, no Doxo@Apt-DNA-icosa-treated CHO-K1 cells; how-
significant difference of cell viability was observed ever, in MCF-7 cells, Doxo@Apt-DNA-icosa indeed
among free doxorubicin-, Doxo@DNA-icosa-, and showed a greater cytotoxicity than free doxorubicin
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Figure 3. Selective binding and delivery of Doxo@Apt-DNA-icosa to MUC 1" cells. (A) CHO-K1 (MUC 17) and MCF-7 (MUC 17)
cells were treated with vehicles (PBS; Ctrl), doxorubicin (Doxo), Doxo@DNA-icosa, or Doxo@Apt-DNA-icosa with the indicated
concentration. Flow cytometry shows the binding efficiency and dosage-dependent manner of Doxo@Apt-DNA-icosa
compared with doxorubicin and Doxo@DNA-icosa. (B) Cells were treated with 15 xM doxorubicin (Doxo), Doxo@DNA-icosa,
or Doxo@Apt-DNA-icosa. Confocal images show that Doxo@Apt-DNA-icosa but not doxorubicin or Doxo@DNA-icosa
specifically internalized into MCF-7 cells. Nucleus was stained with DAPI. (C) CHO-K1 cells prelabeled with Vybrant dye and co-
cultured with MCF-7 cells. Co-cultures were treated with vehicle (PBS; Ctrl), 15 «M doxorubicin (Doxo), Doxo@DNA-icosa, or
Doxo@Apt-DNA-icosa. Confocal images demonstrate the selectivity and internalization of Doxo@Apt-DNA-icosa compared with
doxorubicin and Doxo@DNA-icosa. (D) MCF-7 cells were treated with vehicle (PBS; Ctrl), Doxo@Apt-DNA-icosa (doxorubicin,

15 uM), or Doxo@Apt-DNA-icosa plus free aptamer (400 nM) for competition assay and analyzed by flow cytometry. (E) CHO-K1
and MCF-7 cells were treated with doxorubicin (Doxo), Doxo@DNA-icosa, or Doxo@Apt-DNA-icosa at the indicated concentrations.
MTT assay shows the cytotoxicity of Doxo@Apt-DNA-icosa compared with Doxo and Doxo@DNA-icosa.

and Doxo@DNA-icosa (Figure 3E). These results not only MUCT is internalized by dynamin-dependent and
indicate a specific and efficient delivery of anticancer clathrin-mediated endocytosis and turns over by de-
drug-intercalated DNA nanoparticles but also suggest a gradation in lysosomes.?® To examine whether the
potential for targeted cancer therapy. internalization of Apt-DNA-icosa was mediated by

N
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Figure 4. Intracellular distribution of Apt-DNA-icosa and its cytotoxic mechanism in MCF-7 cells. (A) MCF-7 cells were treated
with FITC (40 nM), FITC-DNA-icosa, and FITC-Apt-DNA-icosa. Lysosomes were stained with LysoTracker Red (Molecular
Probes). Confocal images show the co-localization of FITC-Apt-DNA-icosa and lysosomes. (B) Proposed mechanism of action
of Doxo@Apt-DNA-icosa. Doxo@Apt-DNA-icosa initially recognizes MUC 1, which is then recycled through intracellular
compartments. Doxo@Apt-DNA-icosa is smuggled to intracellular compartments by binding to MUC 1. Doxorubicin is
gradually released through the entire recycling pathway and significantly released (Figure S1) when Doxo@Apt-DNA-icosa
migrates to acid compartments, such as lysosomes. Doxorubicin in turn migrates to the nucleus and intercalates chromosome

DNA, thus inducing cell death.

endocytosis, FITC-modified Apt-DNA-icosa was used and
its intracellular distribution was analyzed by confocal
microscopy. Confocal images show the fluorescence
signal of FITC partially overlapped with LysoTracker Red
(Figure 4A), suggesting an endocytosis of Apt-DNA-icosa
and a localization of Apt-DNA-icosa in lysosomes. The
mechanism of cellular internalization of Doxo@Apt-DNA-
icosa is illustrated in Figure 4B.

CHANG ET AL.

CONCLUSIONS

In conclusion, we have shown that DNA icosahe-
dra can be assembled in a simple and rapid way from
five DNA strands based on a five-point-star motif.
Extending from the novel idea, six DNA strands, one
of which with a specific aptamer sequence built-in,
can first form a six-point-star motif in 2D and then
be constructed into 3D DNA icosahedra with the
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exposure of aptamers to their outside. This method
might serve to produce nanocarriers not only to
store/intercalate and specifically deliver the anticancer

MATERIALS AND METHODS

Oligonucleotides. DNA sequences are as follows. Strand I:
5/-ATAGTGAGTCGTATTAATTAACCCTCACTAAAAAGGATCCGGA-
TCCTT-3'; strand II: 5'-TTTAGTGAGGGTTAATCATACGATTTAGGT-
GAAAGGATCCGGATCCTT-3; strand IlI: 5'-TCACCTAAATCGTAT-
GGGAGCTCTGCTTATATAAGGATCCGGATCCTT-3';  strand  IV:
5'-ATATAAGCAGAGCTCCTAGAAGGCACAGTCGAAAGGATCCGGA-
TCCTT-3’; strand V: 5'-TCGACTGTGCCTTCTATAATACGACTCA-
CTATAAGGATCCGGATCCTT-3'; strand V': 5-TCGACTGTGCCT-
TCTAGTTATTGTGCTGTCTCAAGGATCCGGATCCTT-3; strand VI:
5/-GAGACAGCACAATAACTAATACGACTCACTATGGCTATAGCA-
CATGGGTAAAACGAC-3'; FITC-strand I: 5'-FITC-ATAGTGAGTCG-
TATTAATTAACCCTCACTAAAAAGGATCCGGATCCTT-3/; MUCT
aptamer: 5-GGCTATAGCACATGGGTAAAACGAC-3'. All oligo-
nucleotides were purchased from MDBio, Taiwan.

Formation of Icosahedral DNA Complexes. To assemble the DNA-
icosa and Apt-DNA-icosa, groups of five and six DNA strands
each, respectively, were mixed with equal molecular concentra-
tion (1000 nM for each strand) in a tris—ace’(iu:—EDTA—Mg2+ (TAE/
Mg*™) buffer that contained 40 mM Tris base (pH 8.0), 20 mM
acetic acid, 2 mM EDTA, and 12.5 mM magnesium chloride. The
DNA samples were heated to 94 °C and then cooled to room
temperature (24 °C). Although it took just 2.5 h for the samples
to cool from 94 to 24 °C, 48 h were allotted to the cooling period.
FITC-Apt-DNA-icosa was prepared using the same six DNA
strands as those for Apt-DNA-icosa, except strand | was replaced
by FITC-strand I. The assembled DNA samples were directly
used for characterization, without further fractionation or
purification.

Characterization of DNA Icosahedra. For DLS, 12 ulL of each DNA
sample was measured by a particle size analyzer (90 Plus,
Brookhaven Instruments Corp.).

Agarose (2%) gel electrophoreses were run at room tem-
perature. The gel was stained with ethidium bromide after
electrophoresis, and the images were taken with an Alpha
Imager. From the gel image, assembling yields were obtained
with AlphaEaseFC image-processing software.

For TEM, 12 uL of each DNA sample was loaded onto the grid
(Electron Microscopy Sciences), and extra TAE/Mg2+ buffer was
absorbed by a nitrocellulose membrane. The loaded grid was
stored in a drybox at room temperature for two weeks with
negative staining (5% (w/v) ammonium molybdate, 0.1% (w/v)
trehalose). The samples were observed with TEM (Hitachi
H-7650) at an accelerating voltage of 80 kV.

Doxorubicin Intercalation. For doxorubicin intercalation into
DNA-icosa and Apt-DNA-icosa, doxorubicin (1 to 1000 uM)
was mixed with DNA-icosa (32 uM) and Apt-DNA-icosa
(32 uM) for 1 h and then centrifuged at 16000g at room
temperature for 10 min. The pellets were then lysed with DMSO
for analysis. The amounts of doxorubicin in Doxo@DNA-icosa
and Doxo@Apt-DNA-icosa were determined by measuring the
emission (570 nm) of doxorubicin using a microplate reader
(Infinite M 200, TECAN).

Cells. For cell culture and cell treatment, regular growth
medium consisting of Nutrition Mixture F12 Ham (Sigma) was
used for CHO-K1 cells, and low-glucose DMEM (GIBCO) was
used for MCF-7. Both media were supplemented with 10% fetal
bovine serum (FBS) (GIBCO), 100 U/mL penicillin,and 100 «g/mL
streptomycin. All cultures were kept in an atmosphere of 5%
CO, and 95% air at 37 °C. For co-culture of CHO-K1 and MCF-7
cells, Nutrition Mixture F12 Ham medium was used.

Flow Cytometry Analysis. CHO-K1 cells or MCF-7 cells were
seeded at 1 x 10° cells per well in a 12-well plate and then
cultured for 24 h. Cells were treated with vehicle (PBS),
doxorubicin (Doxo), Doxo@DNA-icosa, or Doxo@Apt-DNA-
icosa combined without or with free aptamer in growth

CHANG ET AL.

drug doxorubicin into targeted cells for cancer therapy
but also to perform controlled release by environmental
pH (Figure S1).

media for 30 min and washed with PBS for flow cytometry
analysis (FACSCalibur, BD).

Confocal Microscopic Analysis. For selective binding and delivery
of Doxo@Apt-DNA-icosa, CHO-K1 cells or MCF-7 cells were
seeded at 2 x 10° cells per well onto the glass cover-slide
coated with polylysine in a six-well plate and then cultured for
24 h. Cells were treated with doxorubicin (Doxo), Doxo@DNA-
icosa, or Doxo@Apt-DNA-icosa in growth media for 30 min, and
the nuclei of cells were labeled with DAPI (Invitrogen).

For co-culture of CHO-K1 and MCF-7 cells, CHO-K1 cells but
not MCF-7 cells were prelabeled with green dye (VybrantTM DiO
cell-labeling solution, Invitrogen). Both cells (2 x 10° cells for
each cell line per well) were then seeded onto the glass cover-
slide coated with polylysine in a six-well plate and then cultured
for 24 h. Cells were treated with vehicle (PBS as control),
doxorubicin, Doxo@DNA-icosa, and Doxo@Apt-DNA-icosa in
growth media for 30 min.

For studying internal localization of FITC-Apt-DNA-icosa,
MCF-7 cells (2 x 10° cells) were seeded onto the glass cover-
slide coated with polylysine in a six-well plate and then cultured
for 24 h. MCF-7 cells were treated with FITC-Apt-DNA-icosa in
growth media for 30 min and then labeled with LysoTracker Red
(Molecular Probes).

After the above treatments and labeling, cells were washed
with PBS and then processed for confocal imaging (FluoView
FV10i, Olympus).

Cell Viability Assay. For the cell viability assay, cytotoxicity was
assessed using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide (MTT) reduction assay; 1 x10* cells were
seeded in a 96-well plate and then cultured for 24 h. After
incubation with doxorubicin, Doxo@DNA-icosa, and Doxo@
Apt-DNA-icosa in growth media for 30 min, cells were washed
with PBS and cultured in growth medium for 48 h. Cells were
then incubated with fresh serum-free medium containing
0.5 mg/mL MTT for 1 h at 37 °C for the cytotoxicity assay.
The absorbance at 570 nm was measured using a micro-
plate reader.
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