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A DNA tetrahedron is employed for efficient delivery of doxorubicin
into drug-resistant breast cancer cells. The drug delivered with
the DNA nanoconstruct is considerably cytotoxic, whereas free
doxorubicin is virtually non-cytotoxic for the drug-resistant cells.
Thus, the DNA tetrahedron, made of the inherently natural and
biocompatible material, can be a good candidate for the drug
carrier to overcome MDR in cancer cells.

With repeated exposure to chemotherapeutic agents, cancer
cells become resistant to one or more anticancer drugs." This
multidrug resistance (MDR) is a main hurdle to obtaining
successful anticancer activity. Various mechanisms have been
suggested to explain MDR, which include altering membrane
transport protein to increase drug efflux, enhancing DNA
repair, amending cell cycle regulation to block apoptosis, and
detoxification.> Development and discovery of agents that
efficiently overcome MDR with reduced toxicity have been the
focus of extensive research.’ In particular, nanocarrier-based
drug delivery systems for different drug formulations and
modifications have been widely investigated to reverse MDR.*
Nanoparticles travel in and out of cells mainly via endocytosis
and exocytosis pathways that are independent of P-glycoprotein
(P-gp), a membrane-bound active drug efflux pump, responsible
for one of the most important mechanisms involved in many
MDR cells.” Thus, the drug delivery system based on nano-
particles holds promising potential to overcome MDR via highly
efficient cellular uptake of the drug-loaded nanoparticles and
subsequent rapid release of a large amount of the anticancer
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drug to induce cytotoxicity. Although many inorganic and
organic nanocarriers have been previously employed to enhance
the intracellular drug accumulation in MDR cells,’ investigations
of new materials are still required to realize sufficient clinical
outcomes in cancer therapy.

Recently, DNA nanoconstructs have been reported and
proposed as potential candidates for molecular delivery carriers
in diagnostics and therapeutics.” Among them, the DNA tetra-
hedron has been considered one of the most practical DNA
nanoconstructs since it can be self-assembled simply from four
DNA strands and prepared in a high yield.® The recent study by
Turberfield et al. demonstrating cellular uptake of the DNA
tetrahedron into mammalian cells has indeed provided a great
opportunity for the DNA tetrahedron to play important roles in
biomedical applications.” Moreover, DNA can make a physical
conjugate with doxorubicin (DOX), a widely used anticancer
drug because of the inherent intercalation property of DOX.
There have been studies utilizing the DNA-DOX conjugate for
effective delivery of DOX into cancer cells.'® To the best of our
knowledge, however, there has been no report on evaluation of
the DNA tetrahedron as a drug carrier to reverse drug
resistance.

In this context, we here prepare a DNA tetrahedron by
following the previously reported procedure’ and attempt to
use it as a drug carrier for overcoming drug resistance (Fig. 1).
On the basis of the DNA-intercalation property of the
doxorubicin, we prepare a physical conjugate of the DNA
tetrahedron with DOX and demonstrate that the DNA nano-
structure can be used as an effective drug carrier to show
significant cytotoxicity for MDR cells. Although DNA origami
has been employed as a carrier for circumvention of drug
resistance very recently,’* the DNA tetrahedron is a far smaller
structure capable of achieving the same effect, and thereby
more cost-effective and more viable in in vivo drug delivery.

Our DNA tetrahedron (Td) was assembled by using the
sequences adopted from Turberfield’s DNA tetrahedron.’
A fluorescence dye either Cy5 (Cy5-S4) or fluorescein (FAM-S4)
was labelled at one DNA strand in the DNA tetrahedron (ESLT
Table S1). Construction of the self-assembled DNA tetrahedron
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Fig. 1 Schematic diagram of the drug-loaded DNA tetrahedron and its cytotoxic
effect for drug-resistant cells.
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was verified in 6% non-denaturing polyacrylamide gel electro-
phoresis (PAGE) (Fig. 2a). The hydrodynamic size of Td was 9.08
(£0.67) nm as determined by dynamic light scattering (DLS)
(Fig. 2b). The nanoconstruct was also characterized by the
atomic force microscopy (AFM) image showing the tetrahedron
in the dried state to be about 2-3 nm in height, which was
consistent with the previous results (Fig. 2c)."?

The DNA tetrahedron itself was efficiently delivered into both
the drug-sensitive (MCF-7) and doxorubicin-resistant (MCF-7/ADR)
breast cancer cell lines (Fig. 3a). Flow cytometry-based quantitative
analysis of the delivery also clearly showed uptake of Td in the two
breast cancer cell lines (Fig. 3b). The possibility that the cellular
uptake might be driven by the small portion of the polymeric
mis-assembled product often observed in the PAGE could be
precluded, since the polymeric product extracted from the gel
could not be delivered into the cells (ESL T Fig. S1). To investigate
the pathway mediating the cellular uptake of the DNA tetrahedron,
MCF-7 cells were incubated with Td at 37 °C and 4 °C. The amount
of delivered Td was estimated by the fluorescence intensity of the
Cy5 label in each cell lysate after normalization based on the whole
protein amount measured using the Bradford assay. Much lower
cellular uptake at 4 °C than at 37 °C revealed that Td was delivered
via endocytosis. Of the three endocytosis inhibitors applied,
amiloride and genistein effectively inhibited the Td uptake,
indicating that Td was internalized via macropinocytosis and
caveolae-mediated endocytosis pathways (Fig. 3c)."?
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Fig. 2 Characterization of DNA tetrahedron. (a) Native PAGE to verify assembly
of Td. (b) DLS data of the Td. (c) AFM images of Td.
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Fig. 3 Delivery of Td into breast cancer cells. (a) Fluorescence microscopic
images of MCF-7 (left) and MCF-7/ADR (right) cells treated with Cy5-labeled
Td (bottom) compared with the control images (top). (b) Flow cytometry analysis
for the cellular uptake of Td into MCF-7 (red) or MCF-7/ADR cells (blue). The black
and green traces represent the untreated MCF-7 and MCF-7/ADR cells,
respectively. (c) Average cellular fluorescence intensity of Td in MCF-7 cell lysates
from the cells cultured in the presence of three different endocytosis inhibitors:

chlorpromazine (CPZ), amiloride (AM), and genistein (GN). Fluorescence intensity
is normalized to the total amount of cellular proteins.
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To incorporate DOX into the DNA tetrahedron, DOX was
incubated with the Td (DOX@Td), and the unloaded DOX was
removed by G25 gel filtration. The intercalated amount of DOX
per DNA tetrahedron was determined by comparing the
concentration of DNA and the concentration of DOX, which
was calculated by using the extinction coefficient of Cy5 at
633 nm (¢ = 230400 M~ " em™ ") and that of DOX at 480 nm
(e = 10410 M™' cm™ '), respectively. As a result, 26 DOX
molecules per Td were found to be loaded.

For the drug delivery study, the internalization and the
efficiency of DOX@Td and free DOX were initially analysed by
fluorescence microscopy (Fig. 4a and b). When treated with free
DOX, the MCF-7/ADR cells showed relatively low drug accumu-
lation, as compared to that of the wild-type MCF-7 cell line
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Fig. 4 (a) MCF-7 cells treated with 10 nM DOX or DOX@Td. (b) MCF-7/ADR cells
treated with 10 nM DOX or DOX@Td. Scale bar: 50 um. (c) Drug delivery
efficiency to the MCF-7 (solid) and MCF-7/ADR cells (striped) at 10 nM (white)
and 50 nM DOX (gray) determined by flow cytometry. (d) Cytotoxicity of DOX
(circles) and DOX@Td (squares).
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(Fig. 4a and b, second columns). The drug in the DNA tetra-
hedron, however, was delivered into the drug-resistant cells as
efficiently as into the wild-type cells. According to the micro-
scopic images after nuclear staining, DOX@Td appeared and
stayed widely in the cytoplasm of both MCF-7 and MCF-7/ADR
cells (Fig. 4a and b, third columns). These results proved that
the DNA tetrahedron could be used as an efficient drug carrier
and also indicated that the drug delivered into the MCF-7/ADR
cells with the DNA construct was not effluxed by the action of
P-gp. When analysed by flow cytometry, the accumulation of
DOX in the wild-type cells was dependent on the concentration
of the treated drug (Fig. 4c and ESI,f Fig. S2). In the MCF-7/ADR
cells, however, the drug was not accumulated when the cells
were treated with free DOX, which is consistent with the
microscopy image. In the case of DOX@Td, the drug was
delivered into both cell types in a concentration-dependent
manner. Different from free DOX that interacts with P-gp on the
cell membrane, the drug delivered by the DNA nanostructure-
based carrier may avoid the recognition by the efflux pump by
means of protection in an endosome when entering the cell,
leading to intracellular drug accumulation, as similarly
observed in other nanostructured drug carriers.’

In the cell viability test, while no significant cytotoxicity of
the DNA tetrahedron itself was observed in both breast cancer
cell lines, the drug-loaded DNA tetrahedron showed dose-
dependent toxicity (ESLT Fig. S3). Since biocompatibility
of drug carriers is of utmost importance in drug delivery
technology, the utilization of the non-cytotoxic DNA tetra-
hedron as a drug carrier creates a new class of drug delivery
systems. Moreover, various chemical modifications can be
easily introduced in the DNA construct for fine-tuning of the
biophysical properties of the carrier including drug loading
efficiency and controlled release.

In terms of the drug concentration-dependent cell viability,
about 50% of MCEF-7 cells were viable after 24 h treatment with
10 pM free DOX (Fig. 4d, closed circles). Similar viability was
observed by treatment with DOX@Td (closed squares) containing
the same concentration of the drug. In MCF-7/ADR cells, however,
free DOX showed significantly decreased cytotoxicity by resulting
in more than 90% viable cells (open circles) possibly because of
the drug efflux pump on the cell membrane of the MDR cells. In
contrast to free DOX, the same amount of drug delivered with Td
(open squares) was still considerably cytotoxic also against the
drug-resistant cells, leading to the viability profile of MCF-7/ADR
cells similar to that of MCF-7 cells. These results clearly confirmed
that DOX in the DNA tetrahedron could reverse drug-resistant
cells with enhanced uptake and bypass the efflux process.

To examine the possible mechanism for the release of DOX
from the DNA nanoconstruct, the in vitro release of DOX from
the DNA tetrahedron was performed in phosphate-buffered
saline (PBS) solutions. Since the DNA nanoconstruct was
delivered through endocytosis, the release of DOX was
monitored at pH 5.0, the endosomal pH as well as at pH 7.4,
the physiological condition. For the initial 3 h, less than 10% of
DOX was released from the drug carrier (ESLT Fig. S4a). The
release proceeded slowly but continuously for 10 h until the
maximum release was achieved. The release was dramatically
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increased by lowering the pH from 7.4 to 5.0, which suggested
that the drug release could be accelerated during endosomal
retention of the carriers. This enhanced release at pH 5.0 was
due to partial disassembly of the DNA tetrahedron as observed
in the PAGE analysis (ESL,T Fig. S4b). This is consistent with the
release pattern of DOX intercalated in other types of DNA
constructs.” In addition, degradation of the DNA construct
by intracellular nucleases might also influence the drug release
(ESLT Fig. S5).

In conclusion, we have prepared a DNA tetrahedron and
observed that the DNA tetrahedron was easily delivered into the
drug-resistant breast cancer cells as well as the wild-type cells
without additional transfection agents. This advantageous
character of the DNA tetrahedron for drug delivery was combined
with the DOX binding property of DNA to provide a drug delivery
method particularly for multidrug resistant MCF-7/ADR cells. This
drug delivery system could significantly inhibit the growth of the
MDR cells, because of the highly efficient internalization of DOX by
the DNA nanoconstruct and the effective intracellular release of
DOX circumventing the efflux pathway of the MDR cells. Since DNA
is a purely natural material with low immunogenicity’> and is
expected to be eventually degraded into a non-toxic state, the DNA
tetrahedron therefore is a potentially good candidate for a drug
carrier to be clinically used to overcome drug resistance in
cancer cells.
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