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ABSTRACT: Although a multitude of promising anti-cancer drugs have been
developed over the past 50 years, effective delivery of the drugs to diseased cells
remains a challenge. Recently, nanoparticles have been used as drug delivery
vehicles due to their high delivery efficiencies and the possibility to circumvent
cellular drug resistance. However, the lack of biocompatibility and inability to
engineer spatially addressable surfaces for multi-functional activity remains an
obstacle to their widespread use. Here we present a novel drug carrier system
based on self-assembled, spatially addressable DNA origami nanostructures that
confronts these limitations. Doxorubicin, a well-known anti-cancer drug, was non-
covalently attached to DNA origami nanostructures through intercalation. A high
level of drug loading efficiency was achieved, and the complex exhibited prominent cytotoxicity not only to regular human breast
adenocarcinoma cancer cells (MCF 7), but more importantly to doxorubicin-resistant cancer cells, inducing a remarkable reversal
of phenotype resistance. With the DNA origami drug delivery vehicles, the cellular internalization of doxorubicin was increased,
which contributed to the significant enhancement of cell-killing activity to doxorubicin-resistant MCF 7 cells. Presumably, the
activity of doxorubicin-loaded DNA origami inhibits lysosomal acidification, resulting in cellular redistribution of the drug to
action sites. Our results suggest that DNA origami has immense potential as an efficient, biocompatible drug carrier and delivery
vehicle in the treatment of cancer.

■ INTRODUCTION

Doxorubicin, one of the most well-known chemotherapy drugs,
is used to treat a wide range of cancers by intercalating DNA
and inhibiting macromolecular biosynthesis.1−3 Like other
traditional anti-cancer drugs, it has a variety of drawbacks
including adverse side effects, poor selectivity, and accumu-
lation in tumors.3−5 Moreover, doxorubicin has been shown to
induce multi-drug resistance in cancer cells, both in laboratory
investigations and in clinical studies.4,5 There are a variety of
mechanisms by which cancer cells become resistant to anti-
cancer treatments, the most common of which is the detection
and subsequent ejection of the drugs from cells.4,5 Other
mechanisms of drug resistance include the loss of a cell surface
receptor or transporter for a drug, compartmentalization of a
drug by vesicular organelles, and specific metabolism of a drug.5

Nanoscale anti-cancer agents have emerged as a promising
new class of cancer therapeutics. Early clinical results suggest
that nanoparticles (NPs) exhibit enhanced delivery efficiencies
and reduced side effects due to more accurate localization in
tumors and more active cellular uptake.6−9 Nanocontainers for
drug delivery are also attracting significant attention because
the use of an appropriate drug delivery vehicle can significantly
increase the likelihood that a drug is efficiently delivered and
taken up by cells. The most commonly used nanocontainers for

hosting therapeutic cargoes, e.g., small-molecule drugs,
peptides, proteins, and nucleic acids, are formed from lipids
and polymers.6−9 The first generation of NP drug delivery
systems is already in use; for example, Doxil (Ortho Biotech), a
PEGylated liposomal formulation for doxorubicin, has been
used in a clinical setting for over two decades.7 Unfortunately, it
causes only a modest increase in anti-tumor activity due to the
slow release of doxorubicin from the liposomal sheaths.10,11

Metal NPs have also been targeted as promising drug-delivery
vehicles; gold NPs have already been used for the controlled
release of chemotherapy drugs.12 Although metal NPs are both
biocompatible and chemically inert, they may be retained in the
body long after administration of the drug, and accumulation of
metal NPs can lead to toxicity.9 Thus, it remains a challenge to
develop safe, biocompatible, and effective nanocarriers for drug
delivery.
With a high level of structural programmability and obvious

biocompatibility, self-assembled DNA nanostructures are
among the most promising candidates to serve as nanocarriers
for drug delivery. It is relatively easy to construct complex DNA
nanostructures with precisely defined shapes and dimensions
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using rational design principles.13−24 In particular, the DNA
origami method produces fully addressable structures in
extremely high yields.13 In this method, a long single strand
of DNA (scaffold strand, usually viral genomic DNA) is folded
into arbitrary shapes by hundreds of short strands (staples,
synthetic oligonucleotides). In addition to holding the scaffold
in place, the staples provide addressable units for functionaliza-
tion by various biomolecules and NPs.25−29 These modifica-
tions can be used to facilitate imaging, targeted delivery, and
controlled release of therapeutic compounds. Consequently,
the potential of DNA origami structures for nanomedical
applications has gained great interest.30−32

Recent studies have shown that DNA macromolecules do
not exhibit any obvious cytotoxicity or immunogenicity, both of
which are important features of effective drug delivery
vehicles.31−33 DNA origami structures were also found to be
very stable in cell lysate,35 a prerequisite for controlled release
of a drug to subcellular targets. One of the first demonstrations
of a DNA nanostructure-based drug delivery platform was
reported by Chang et al., who developed doxorubicin aptamer-
conjugated DNA icosahedra that demonstrated efficient killing
of cancer cells.34 Scaffolded DNA origami has an even greater
potential to deliver therapeutic levels of doxorubicin than
polyhedral wireframe structures because the additional layers of
tightly packed double-helices provide many more docking sites
for intercalation. The high density of doxorubicin can offset the
effects of enzymatic degradation and the unintended release of
the drug.
Here we report the construction of two- and three-

dimensional doxorubicin-loaded DNA origami structures. The
DNA nanostructure−doxorubicin complexes were administered
to regular human breast adenocarcinoma cancer cells MCF 7
(reg-MCF 7) and a cell subline that is doxorubicin-resistant
(res-MCF 7). The cytotoxicity of origami-bound doxorubicin
and free doxorubicin to reg-MCF 7 and res-MCF 7 cells was
evaluated. To clarify a possible mechanism of cell death, we
investigated the internalization effect of doxorubicin by drug-
loaded DNA carriers and the influence on cellular lysosomal
pH value.

■ METHODS
Materials. All oligonucleotides were purchased from Integrated

DNA Technologies or Invitrogen China. The origami staple strands
were stored in 96-well plates with concentrations normalized to 100
μM and used without further purification. The concentration of each
strand was estimated by measuring the UV absorbance at 260 nm.
M13 viral DNA was purchased from New England Biolabs, Inc.
(single-strand DNA, N4040S; double-strand RF I DNA, N4018S).
Doxorubicin was purchased from Beijing Huafeng United Technology
(China).
Self-Assembly of DNA Origami. Triangular- and tubular-shaped

DNA origami structures were assembled according to Rothemund’s
and Yan’s methods.13,36 A molar ratio of 1:10 between the long viral
ssDNA M13mp18 (5 nM) and the short helper strands (unpurified)
was used. DNA origami was assembled in 1× TAE/Mg2+ buffer (Tris,
40 mM; acetic acid, 20 mM; EDTA, 2 mM; and magnesium acetate,
12.5 mM; pH 8.0) by slowly cooling from 90 °C to room temperature.
Characterization of DNA Origami. Agarose gel electrophoreses

was performed at room temperature (1%, stained with ethidium
bromide), and the images were collected by a gel imaging system
(GE). Typically, AFM imaging of DNA nanostructures is performed in
tapping-in-buffer mode. Here, for both DNA origami structures and
drug-loaded DNA origami structures, 5 μL of sample was deposited on
mica and left to adsorb to the surface for 20 min. The sample was
subsequently washed with ddH2O three times, and TAE/Mg2+ buffer

was added for imaging (Buker Nano Surfaces Beijing Representative
Office, China).

Doxorubicin Loading. Doxorubicin solution (2 mM) was
incubated with the DNA origami structures (triangle or tube, 2.5
nM) or double-strand M13 DNA (2.5 nM) for 24 h and then
centrifuged at 10 000 rpm at room temperature for 10 min. After
centrifuging, the dark red precipitate (drug-loaded origami or drug-
loaded ds M13 DNA) and the free doxorubicin in the supernatant
were isolated and quantified by measuring the absorption of
doxorubicin at 480 nm with a microplate reader (TECAN, Infinite
M200, Switzerland). The doxorubicin loading content and efficiency of
loading into the DNA nanocarriers were calculated as shown in
Scheme 1.

The drug-loaded origami were then redissolved in PBS to form a
stock solution (1 mM doxorubicin and ∼1.25 nM origami) and diluted
by no-serum cell culture medium for cellular experiments with a final
doxorubicin concentration ranging from 5 to 100 μM.

Cells. MCF 7 is a human breast adenocarcinoma cancer cell line.
The doxorubicin-resistant MCF 7 cell subline was obtained by
exposing regular MCF 7 cells to increasing amounts of doxorubicin.
Both MCF 7 sublines were purchased from the Cell Center at the
Institute of Basic Medical Sciences, Chinese Academy of Medical
Science.

Regular MCF 7 cells were cultured in Dulbecco’s Modified Eagle
Medium, while the resistant subline was cultured in RPIM 1640
medium (Hyclone, Thermo Scientific). Both media were supple-
mented with 10% fetal bovine serum (Hyclone, Thermo Scientific)
and with L-glutamine, penicillin, and streptomycin (GIBICO,
Invitrogen). All the cells were cultured in an atmosphere of 5% CO2
at 37 °C.

Cell Viability Assay. The cytotoxicity of doxorubicin origami was
assessed by using a cell-counting kit (cck-8, Dojindo) which contained
a highly water-soluble tetrazolium salt, WST-8 [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt]. After seeding in 96-well plates and culturing
overnight, the cells were incubated with doxorubicin, doxorubicin-
triangle and doxorubicin-tube origami structures, and doxorubicin−ds
M13 DNA (with a final doxorubicin concentration ranging from 5 to
100 μM, diluted by serum-free culture media) for 12 h, and then
washed with PBS and cultured for 24, 36, or 48 h. The cells were
incubated with fresh serum-free medium containing 0.5 mg/mL WST-
1 for 1 h at 37 °C for the cytotoxicity assay. The absorbance at 450 nm
was measured using a microplate reader. For dead-cell staining, the res-
MCF 7 cells were seeded and cultured overnight, treated with
doxorubicin (100 μM), doxorubicin-triangle and doxorubicin-tube
structures, and doxorubicin−ds M13 DNA (100 μM loaded
doxorubicin) for 12 h, and then washed with PBS and cultured for
48 h. SYTOX Green nucleic acid stain (Invitrogen, S7020) was only
used for staining dead cells. The cells were incubated with SYTOX
Green (10 μM) for 20 min at 37 °C and imaged directly by
fluorescence microscopy (Leica, DMI 3000). A concentration of 125
pM (equivalent to the highest concentration of doxorubicin origami
used in our study) of DNA origami structures was used in origami-
only cell viability experiments. To obtain optimal qualitative results, we
used a Hoechst/propidium iodide (PI, Dojindo) double stain and cell-
counting kit. For cell-staining assays, both MCF 7 cell lines were
seeded and treated with origami (triangle or tube) after culturing
overnight for 12 h; they were subsequently washed with PBS and
cultured for 48 h. The cells were then incubated with Hoechst 33342

Scheme 1. Method To Calculate Doxorubicin Loading
Content and Efficiency of Loading into DNA Nanocarriers
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(25 μg/mL) and PI (10 μg/mL) for 20 min at 37 °C. After being
washed with PBS, the cells were examined and imaged by fluorescence
microscopy.
Co-localization of Doxorubicin and DNA Origami. Reg-MCF

7 cells were seeded in confocal dishes, cultured overnight, and then
incubated with purified FAM-labeled DNA origami (25pM),
doxorubicin (20 μM), and drug-loaded FAM-origami (loaded
doxorubicin at 20 μM, labeled origami ∼25 pM) for 24 h. After
being washed with PBS, the living cells were visualized by laser
confocal fluorescent microscopy (Zeiss).
Doxorubicin Internalization. Regular and drug-resistant MCF 7

cells were seeded in 96-well-plates and then cultured for 24 h. After
adhesion, cells were incubated with doxorubicin, doxorubicin-triangle,
and doxorubicin-tube structures at the same concentration (20, 50,
and 100 μM) for 24 h. All the images were collected by a fluorescence
microscope (Leica, DMI3000) and analyzed by a Leica IMAGE
version workstation. For flow cytometry analysis of doxorubicin
uptake, the cells were seeded and incubated with drug and drug-loaded
carriers (20, 50, and 100 μM) for 24 h after adhesion. The cells were
subsequently washed with PBS and harvested. All the treated cells
were analyzed by a BD FACS Calibur flow cytometry system (BD
Bioscience). Single fluorescent samples were used to optimize
instrument settings and ensure proper electronic compensation.
Lysosome Function Assay. For studying the dynamic aspects of

lysosome biogenesis and function in doxorubicin-sensitive and
-resistant MCF 7 cells, LysoSensor and LysoTracker probes
(Invitrogen) were used. Briefly, doxorubicin-sensitive and -resistant
MCF 7 cells were seeded and cultured for 24 h. After incubation with
free doxorubicin, doxorubicin-triangle, and doxorubicin-tube structures
for 6 h, the cells were stained by LysoTracker Red DND-99 (1 μM,
diluted by serum-free medium) or LysoSensor Green DND-189
(fluorescent pH indicator, 2 μM, diluted by serum-free medium) for
40 min. For co-localization of DNA origami and lysosomes, images
were obtained with a laser confocal fluorescent microscopy (Zeiss).
For the lysosome functional assay, images were obtained with a
fluorescence microscope (Leica, DMI3000), and the fluorescent
intensities were detected and analyzed byBeckman Coulter Cell Lab
Quanta flow cytometry.

■ RESULTS

DNA Nanocarrier Design. Two different DNA origami
nanostructures, a 2D triangular structure and a 3D tubular
structure, were used independently to deliver doxorubicin into
tumor cells (Figure 1). After the doxorubicin was loaded into

the DNA nanocarriers through intercalation, MCF 7 cells were
treated with the complexes. For both reg-MCF 7 and res-MCF
7 cell lines, the cytotoxicity of the nanocarrier−drug complexes
was evaluated and compared to that of free doxorubicin at the
same concentration (ranging from 5 to 100 μM).

Loading DNA Origami Nanocarriers. The DNA origami
nanostructures were assembled through a single-step annealing
process according to methods reported by Rothemund and
Yan.13,36 They were subsequently characterized, before and
after drug loading, by agarose gel electrophoresis (AGE) and
atomic force microscopy (AFM). As shown in the agarose gel
image in Figure 2a, both the triangle- and tube-shaped origami
structures migrated as sharp bands before incorporation of
doxorubicin. After drug loading, both DNA carriers exhibited
slight shifts in mobility, indicating that the doxorubicin was
intercalated in the DNA. AFM images before and after drug
loading provide direct evidence that the morphology of the
nanostructures was retained after incorporation of the drug
(Figure 2b). Doxorubicin can be visualized by its red
fluorescence (520−660 nm, two peaks at 550 and 580 nm)
when excited by a 488 nm argon ion laser or any other 450−
490 nm light.1,37 The efficiency of doxorubicin intercalation was
determined by measuring the absorption at 480 nm and was
shown to gradually increase with time (Figure 2c). After
incubation of the DNA nanostructures with doxorubicin for 24
h at room temperature, approximately 50−60% of the drug was
loaded in the structures. The unstructured dsDNA, M13 RF I
DNA, was also used to load doxorubicin. Its loading efficiency
was lower than that of DNA origami carriers, approximately
30% after 24 h incubation (Figure 2c).

Cytotoxicity of Doxorubicin-Loaded DNA Origami.
We compared the cytotoxicity of free doxorubicin on the MCF
7 cell line to that of both doxorubicin origami complexes. Res-
MCF 7 cells were obtained by exposure to increasing
concentrations of doxorubicin. The resistance of the cells to
doxorubicin was confirmed with a cell-counting kit (cck-8, see
Methods for details) for a cell viability assay (Figure S1).
In the cytotoxicity experiments, reg-MCF 7 and res-MCF 7

cells were treated following exactly the same protocol. SYTOX
Green, a green-fluorescent reporter molecule with a high
affinity for nucleic acids, was used to indicate the presence of
dead cell nuclei within a population (SYTOX Green is
impermeable to live cells). For reg-MCF 7 cells, three
experimental groups (free doxorubicin, doxorubicin-triangle,
and doxorubicin-tube) induced cell death with no significant
differences in cytotoxicity when the doxorubicin concentration
was above 20 μM, while free doxorubicin was slightly better
than the origami loading system, and doxorubicin−ds M13
DNA did not induce effective cytotoxicity when the
concentration was lower than 20 μM (Figure S2a,b).
In contrast, free doxorubicin and doxorubicin-loaded

unstructured dsDNA were insufficient to kill res-MCF 7 cells,
while both the doxorubicin triangle and tube structures
stimulated dramatically enhanced cell death, as shown in
bright-field and fluorescence images of the SYTOX Green-
stained cell nucleus, which also indicated nuclear-localized
doxorubicin (Figures 3 and S2c).
To examine the effect of the DNA nanostructures themselves

on both MCF 7 cell sublines, we administered drug-free DNA
origami carriers to the cells. No obvious cytotoxicity to either
cell phenotype was observed after 48 h incubation (Figure S3).
For res-MCF 7 cells, the prominent characteristics of cell death
were observed after 24, 36 (Figure S2c), and 48 h (Figure 3)

Figure 1. DNA origami and doxorubicin origami delivery system
assembly. The long single-strand M13mp18 genomic DNA scaffold
strand (blue) is folded into the triangle and tube structures through
the hybridization of rationally designed staple strands. Watson−Crick
base pairs in the double helices serve as docking sites for doxorubicin
intercalation. After incubation with doxorubicin, the drug-loaded DNA
nanostructure delivery vessels were administered to MCF 7 cells, and
the effects were investigated.
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incubation with origami-bound doxorubicin structures. The
cell-killing ability of the DNA nanostructure delivery vehicles
exhibited dependence on both incubation time and concen-
tration. The results suggest that DNA nanostructure-based drug
delivery can potentially circumvent the development of drug
resistance.

Figure 2. Characterization of DNA origami structures and drug
loading efficiencies. (a) Ethidium bromide-stained agarose gel image of
DNA origami and doxorubicin-loaded DNA structures. The blue
arrows indicate the extra doxorubicin from drug-loaded DNA origami
structures. (b) AFM images of DNA origami before and after
doxorubicin intercalation (scale bars are 100 nm). (c) Efficiency of
doxorubicin incorporation into triangle- and tube-shaped DNA
origami carriers and double-strand M13 DNA. Due to the large
number of Watson−Crick base pairs in each structure, the drug
loading efficiency is approximately 50−60% for DNA origami carriers
and ∼30% for double-strand M13 DNA after 24 h incubation at room
temperature. Error bars represent standard deviation of three
independent experiments in triplicate tubes of different doxorubicin-
loaded DNA samples (tube, triangle, double-strand).

Figure 3. Cytotoxicity of doxorubicin-loaded DNA origami. (a) Cell
viability of doxorubicin res-MCF 7 cells after administration with equal
concentrations of free doxorubicin and drug-loaded origami for 48 h.
Error bars represent strand deviation of three independent experi-
ments in triplicate wells of cells. (b) Bright-field and fluorescence
images of SYTOX Green dye (invitrogen) stained res-MCF 7 cells
treated with 100 μM free doxorubicin, doxorubicin-triangle and
doxorubicin-tube structures (with 100 μM doxorubicin), doxorubicin−
ds M13 DNA, and vehicle solvent (control) for 48 h. Scale bars are 20
μm. Both doxorubincin-triangle and doxorubicin-tube structure treated
cells showed co-localization of drug and nuclei. The camera exposure
times were 35.6 and 179.7 ms for SYTOX Green dye and doxorubicin,
while the gains were 3.7 and 4.5, respectively. The images reveal that
doxorubicin-loaded DNA origami structures are more effective at
killing res-MCF 7 cells than free doxorubicin and doxorubincin-loaded
dsDNA.
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Cellular Distribution of Doxorubicin Origami. To study
the cellular localization of the origami−doxorubicin complexes,
res-MCF 7 cells were incubated with fluorescently labeled
(fluorescein, green fluorescence) DNA origami (FAM-origami),
free doxorubicin, and drug-loaded FAM origami, respectively.
For many cell lines, even drug-resistant variants, doxorubicin
can diffuse directly through intact cell membranes.1−3,38,39 After
24 h incubation, the living cells were observed by confocal
microscopy. Green fluorescence is visible inside cells that were
treated with FAM-origami only, demonstrating that the bare
FAM-origami nanocarriers can enter and accumulate in cells
(Figure 4). For cells treated with free doxorubicin, intracellular

red fluorescence was observed. The confocal images in Figure 4
show overlapping green (FAM-origami) and red (doxorubicin)
fluorescence signals corresponding to the cellular co-local-
ization of FAM-origami and doxorubicin, respectively. The
results confirm that the origami nanocarriers can effectively
deliver the drugs into living cells.
Intracellular Accumulation of Doxorubicin Origami

and Circumvention of Drug Resistance. To determine if
enhanced cellular doxorubicin accumulation contributes to the
ability of the DNA origami-based drug delivery system to
circumvent drug resistance in res-MCF 7 cells, flow cytometry
and confocal fluorescent analysis were performed. Both MCF 7
cell phenotypes were incubated with equal concentrations of
free doxorubicin, doxorubicin-triangle, and doxorubicin-tube
complexes for 24 h and subsequently analyzed. Res-MCF 7 cells
treated with the doxorubicin−DNA origami exhibited much
stronger red fluorescence (doxorubicin) than those treated with
free doxorubicin at the same concentration (Figures 5a,b and
S4a). In comparison, no significant differences in doxorubicin
internalization were observed among reg-MCF 7 cells (Figure
S4b). These results suggest that the DNA nanostructure
delivery system is capable of circumventing drug resistance in
res-MCF 7 cells by facilitating efficient intracellular accumu-
lation of the drug.

Inhibition of Lysosomal Acidification. Many anti-cancer
drugs, including doxorubicin, are classified as weak bases whose
activity inside cells is pH dependent. In drug-resistant cells,
these therapeutic agents tend to accumulate in the most acidic
intracellular compartments, e.g., lysosomes, rather than being
dispersed throughout the cytoplasm and nucleus as in drug-
sensitive cells. Studies have already shown that disrupting the
pH of acidic intracellular organelles in resistant cells can reverse
drug resistance.40−42 DNA origami was labeled with fluorescent
dye, FAM, to check its intracellular distribution after 6 h
treatment, and the samples were analyzed by laser confocal
microsopy. Confocal images showed the fluorescence signal of
FAM partially overlapped with that of LysoTracker Red after 6
h incubation with res-MCF 7 cells (Figure 6a), suggesting the
endocytosis of FAM-labeled DNA origami carriers and
localization of origami nanostructures in lysosomes at the
treatment time point of 6 h.
To evaluate the influence of doxorubicin origami structures

on lysosomal pH and determine if these effects contribute to
the observed circumvention of drug resistance, a LysoSensor
Green probe was employed. This probe is pH sensitive and
exhibits weaker fluorescence at higher pH. Res-MCF 7 cells
were incubated with doxorubicin origami for 6 h and
subsequently stained with the lysosome-specific probe.

Figure 4. Co-localization of doxorubicin- and FAM-labeled DNA
origami in drug-resistant MCF 7 cells. Fluorescence images of FAM-
labeled DNA origami (125 pM), doxorubicin (20 μM), and
doxorubicin-loaded FAM-origami (20 μM loaded doxorubicin, 125
pM FAM-origami) incubated with res-MCF 7 cells for 24 h. Scale bars
are 20 μm. Laser intensities of 488 nm and 514 nm were 25% and
15%, and digital gain was 1.00.

Figure 5. Doxorubicin internalization. (a) Flow cytometry analysis of
drug-resistant MCF 7 cells that were incubated with 20 μM
doxorubicin, doxorubicin-triangle, and doxorubicin-tube structures
for 24 h. The PMT voltage of the red fluorescence channel was 3.75,
and the gain was 2.00. The mean values of red channel fluorescence
are shown as numbers in the histograms. (b) Confocal fluorescence
images of the same samples. Scale bars are 20 μm. The lasers intensity
of 488 nm was 10%, and digital gain was 1.00. The average
fluorescence intensity of cells treated with doxorubicin origami is
higher than that of cells treated with free doxorubicin, indicating that
the DNA origami delivery vehicle increases the amount of doxorubicin
internalized.
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Resistant cells treated with doxorubicin-triangle and doxor-
ubicin-tube structures exhibited weaker green fluorescence than
cells treated with free doxorubicin only (Figure 6b), signifying a
higher pH and stronger inhibition of lysosomal acidification.
For reg-MCF 7 cells, both free doxorubicin and doxorubicin

origami structures showed decreased green fluorescence, with
no significant differences in fluorescence intensity among the
groups (Figure S5). In particular, there was no difference in
lysosomal pH for cells treated with bare origami structures
(triangle and tube) compared to those treated with solvent only
(control), suggesting that lysosomal pH was not affected by the
DNA nanostructures themselves (Figures 6 and S5).

■ DISCUSSION
We demonstrated a biocompatible drug carrier system based on
spatially addressable DNA origami nanostructures (triangle and
tube structures). Doxorubicin, a well-known chemotherapy
drug, was efficiently loaded into the large DNA assemblies, and
the doxorubicin-loaded structures were administered to drug-
sensitive and drug-resistant phenotypes of MCF 7 human
breast adenocarcinoma cancer cells. Confocal fluorescent
analyses confirmed that the doxorubicin origami structures
are effectively internalized by tumor cells and that the signals
from both components (the drug and the carrier) are co-
localized in the cytoplasm after 24 h treatment (Figure 4). Free
doxorubicin and the doxorubicin origami complexes were both
effective at inducing cell death in the regular, doxorubicin-
sensitive MCF 7 cell line. However, free doxorubicin and
doxorubicin-loaded dsDNA were not effective at killing
resistant MCF 7 cells, while the same concentration of
origami-bound doxorubicin induced cell death. These results
suggest that DNA nanostructure carriers have the potential to
circumvent doxorubicin resistance.
Further, we considered the means by which drug-loaded

DNA nanostructures circumvent resistance in res-MCF 7 cells.
Generally speaking, cultured cancer cells can become resistant
to cytotoxic anti-cancer drugs in many ways.4,5 One of the most
common ways is decreased internalization of the drugs by cells.
For example, some tumor cells express high levels of membrane
efflux pumps that can eject drugs or decrease drug uptake;
clinical and laboratory studies have suggested that increasing
the amount of drug that is internalized, by suppressing efflux
pumps, for example, can overcome drug resistance.5 We tried
another widely used drug carrier, PEG-PLA (poly(ethylene
glycol)−poly(lactic-co-glycolic acid)) copolymer micelles, to
check their cytotoxicity for comparison (Figure S6). PEG-PLA
micelles were assembled by a double-emulsion method,43,44 and
the diameter was 215.3 ± 0.5 nm. Reg-MCF7 showed obvious
cytotoxicity after treatment with both doxorubicin alone and
doxorubicin micelles. However, there was no obvious
cytotoxicity in the res-MCF 7 cells for both doxorubicin alone
and doxorubicin micelles. Based on this result, we assume the
uptake effect is size and shape dependent; flow cytometry and
fluorescent confocal analysis revealed that the DNA origami
carriers did enhance the cellular uptake of doxorubicin in res-
MCF 7 cells and were involved in the circumvention of drug
resistance.
The development of multidrug resistance in tumor cells is

also related to intracellular pH, both in the cytoplasm and in
acidic organelles.40 In tumor cells displaying resistant
phenotype, anti-cancer drugs are restricted to acidic organelles
such as lysosomes and do not reach their sites of action in the
cytosol and nucleus.3 Studies have shown that increasing

Figure 6. Lysosomal function assay. (a) Co-localization of lysosomes
and FAM-labeled DNA origami in drug-resistant MCF 7 cells.
Fluorescence images of FAM-labeled DNA origami (125pM)
incubated with res-MCF 7 cells for 6 h and then stained with
LysoTracker Red DND-99. Scale bars are 20 μm. The laser intensity of
488 and 543 nm was 25%, and digital gain was 1.00. (b) Fluorescence
images of LysoSensor Green DND-169 probe-stained res-MCF 7 cells
after 6 h incubation with 100 μM doxorubicin and drug-loaded DNA.
The camera exposure time was 23.2 ms, and the gain was 3.0. Scale
bars are 20 μm. The fluorescence intensities were detected and
analyzed by Beckman Coulter Cell Lab Quanta flow cytometry, which
illustrates the LysoSensor Green fluorescence intensity of cells treated
with different structures. The PMT voltages of the green fluorescence
channel were 3.20, and the gain was 4.00. The mean values of green
channel fluorescence are shown as numbers in the histograms.
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lysosomal pH in resistant tumor cells with lysosomotropic
agents disrupts compartmentalization and redistributes the drug
to active sites.41,42 Here, lysosomal function studies revealed
that doxorubicin-resistant MCF 7 cells treated with drug-loaded
DNA origami structures exhibited elevated pH, indicating
inhibition of lysosomal acidification. Taken together, the results
indicate that the DNA nanostructure delivery platform
circumvents drug resistance in res-MCF 7 cells by increasing
the cellular uptake of doxorubicin and inducing a change in
lysosomal pH that redistributes the drug to target sites.
Despite being slowly digested by enzymes in the cell, DNA

nanocarriers are themselves biological molecules that do not
pose the same health risks as metal NP delivery systems. Others
have demonstrated that, in the absence of specific immuno-
stimulating oligonucleotides, the intrinsic immunogenicity of
DNA origami did not increase significantly compared to levels
in untreated groups (in fresh isolated spleen cells and
macrophage-like Raw264.7 cell line and in tumor xenograft
mice).31,33,45 Thus, DNA origami represents a nontoxic,
biocompatible drug delivery system. Loaded drug can be
released through slow degradation of DNA nanostructures by
low environmental pH values or DNA enzymes (Figure S7),
which suggest the potential of controlled drug release.
Modifying the DNA nanostructure surface with precise three-
dimensional arrangements of imaging labels or multiple target
groups such as peptides or antibodies can improve the activity
and functionality of the delivery vehicles. Moreover, several
different anti-cancer drugs, small molecules, and siRNA could
be simultaneously delivered to cells for synergistic therapy. We
believe that DNA origami has immense potential as an efficient,
biocompatible drug carrier and delivery vehicle in the treatment
of cancer.
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