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C
hemotherapy is a standard cancer
treatment using cytotoxic antitumor
drugs.1�3 Traditional small molecule

chemotherapeutics are nonspecifically dis-
tributed in the whole body through blood
circulation, which can induce severe sys-
temic toxicity. Despite their widespread
use, the poor specificity and limited accu-
mulation of anticancer agents in tumors
cause various adverse side effects, such as
myelosuppression (depression of the im-
mune system), gastrointestinal distress, alo-
pecia (hair loss), and organ damage; all of
these effects can make chemotherapy pain-
ful and lead to the failure of the therapy.1�3

Thus, the development of more effective
and safer drugs has been a priority since the
initial chemotherapy treatments for cancer
in the early 20th century.
In recent decades, various materials, such

as self-assembled polymers andmetal nano-
particles, have been used to construct nano-
structures that facilitate anticancer drug de-
livery, representingapromisingbreakthrough

in cancer therapy.4�7 In particular, nanoparticle-
based drug delivery systems have demon-
strated enhanced permeability and reten-
tion (EPR) effects,5,8 leading to passive drug
accumulation in the tumor region. Although
considerable effort has been directed to
the development of numerous materials as
nanocarriers,4�7,9 the construction of safe,
biocompatible, and effective vehicles for
drug delivery in vivo remains the major
challenge for the administration of chemo-
therapy.10 Alternatively, structural DNA
nanotechnology, especially DNA origami
techniques, provides researchers with a
robust platform that has potential for
novel drug delivery systems.11�13 With pre-
cisely defined nanoscale shapes, uniform
sizes, and obvious biocompatibility, self-
assembled DNA origami is one of the
most promising candidates to serve as the
next-generation drug delivery vehicle.12,13

For DNA origami, a long single strand
of DNA (scaffold strand) is folded into ar-
bitrary shapes by hybridizing with hundreds
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ABSTRACT Many chemotherapeutics used for cancer treatments encounter issues during delivery to

tumors in vivo and may have high levels of systemic toxicity due to their nonspecific distribution. Various

materials have been explored to fabricate nanoparticles as drug carriers to improve delivery efficiency.

However, most of these materials suffer from multiple drawbacks, such as limited biocompatibility and

inability to engineer spatially addressable surfaces that can be utilized for multifunctional activity. Here,

we demonstrate that DNA origami possessed enhanced tumor passive targeting and long-lasting

properties at the tumor region. Particularly, the triangle-shaped DNA origami exhibits optimal tumor

passive targeting accumulation. The delivery of the known anticancer drug doxorubicin into tumors by

self-assembled DNA origami nanostructures was performed, and this approach showed prominent

therapeutic efficacy in vivo. The DNA origami carriers were prepared through the self-assembly of M13mp18 phage DNA and hundreds of complementary

DNA helper strands; the doxorubicin was subsequently noncovalently intercalated into these nanostructures. After conducting fluorescence imaging and

safety evaluation, the doxorubicin-containing DNA origami exhibited remarkable antitumor efficacy without observable systemic toxicity in nude mice

bearing orthotopic breast tumors labeled with green fluorescent protein. Our results demonstrated the potential of DNA origami nanostructures as

innovative platforms for the efficient and safe drug delivery of cancer therapeutics in vivo.
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of short DNA strands (helper strands as synthetic
oligonucleotides).11 In addition to maintaining the
defined shape of the scaffold, the helper strands can
be chemically modified and their unique sequences
provide addressable sites for functionalization with
various biomolecules and nanoparticles.14�18 Through
these benefits, DNA origami facilitates cellular imag-
ing, targeted payload delivery, and controlled drug
release.
Recent studies have indicated that small DNA cages

can serve as effective delivery carriers for anticancer
drugs, small interfering RNA, immune stimulating CpG
oligo-DNA, and antigen molecules, either in vitro or
in vivo.19�23 Scaffolded DNA origami, which provides
enhanced size and controllable shape, can be used to
construct multivalent andmultifunctional drug carriers
as synergetic drug delivery vehicles. DNA origami was
found to be stable in cell lysates for 12 h incubation24

and can be slowly degraded by living cells for 72 h
treatment,25 demonstrating its great potential for con-
trolled drug release. Hexagonal barrel-shaped DNA
origami has been used for targeting transport of
molecular cargoes, triggered by the activation and
reconfiguration of its nanostructure.26 Furthermore,
DNA origami has been used to successfully deliver
CpG DNA sequences into spleen cells to test the
immune response.27 Previously, two origami shapes
were used to load doxorubicin through intercalation.28

After administering the drug�origami complex to hu-
man breast adenocarcinoma cells (MCF7), the cellular
internalization of doxorubicin increased with the aid of
DNA nanostructures. The drug�DNA origami complex
was effectively transferred into lysosomes through
endocytosis at 6 h treatment time. The cytotoxicity

of doxorubicin was significantly enhanced against
doxorubicin-resistant MCF7 cells by DNA origami
carriers.28 In another doxorubicin�origami delivery
system, rational control and tailoring of the drug
release kinetics were achieved by designing DNA
origami structures. The doxorubicin�origami delivery
system also displayed efficient drug transport, result-
ing in optimal internalization and increased induction
of programmed cell death in breast cancer cells.29 Until
now, studies regarding DNA origami as delivery plat-
forms were all performed in vitro. Herein, we provide
the first evidence that DNA origami can function as a
safe drug delivery vehicle for in vivo cancer therapy.
In this study, different shapes of DNA origami

were assembled, and the structure-dependent tumor
accumulating efficiency was investigated. Triangular-
shaped DNA origami vehicles were used to load doxo-
rubicin (DOX) through intercalation (Figure 1a). The
doxorubicin�DNA origami complexes (DOX/origami)
were characterized, and the in vitro drug release
profiles were evaluated. To examine antitumor effects
in vivo, drug-loaded DNA origami was administered to
nude mice bearing a human MDA-MB-231-GFP ortho-
topic breast tumor (Figure 1b). Fluorescence imaging, a
powerful optical imaging strategy that allows sensitive,
longitudinal, and dynamic observation in vivo,30�32

was utilized to investigate tumor growth and drug
treatment efficacy. Compared to DOX alone, DOX/
origami showedmore specific antitumor efficacy with-
out any observable systemic side effects in vivo.

RESULTS AND DISCUSSION

DNA Nanocarrier Characterization. The DNA origami
nanostructures were assembled using a single-step

Figure 1. Schematic design of the DNA carrier�drug complex. (a) Long, single-stranded DNA scaffold (M13mp18 phage
genomic DNA, blue) hybridizes with rationally designed helper strands to fold into triangular, square, and tube origami
shapes. The biodistribution of unstructured M13 DNA and different nanostructures of DNA origami was investigated in
subcutaneous breast tumor model. After biodistribution in vivo, the triangle-shaped DNA origami demonstrated optimal
tumor accumulation; it was then used for doxorubicin intercalation. The Watson�Crick base pairs in the double helices of
DNA origami serve as docking sites for doxorubicin intercalation (DOX/DNA origami, red). (b) Tail-injected DOX/DNA origami
complexes were delivered via blood circulation, accumulating in the breast tumor of nude mice because of EPR effects.

A
RTIC

LE



ZHANG ET AL. VOL. 8 ’ NO. 7 ’ 6633–6643 ’ 2014

www.acsnano.org

6635

annealing process according to Rothemund's and
Yan's methods.11,15 M13 DNA, triangle, tube, and
square DNA origami nanostructures were character-
ized by agarose gel electrophoresis, atomic force
microscopy (AFM), and dynamic light scattering
(DLS). Different DNA origami nanostructures were suc-
cessfully assembled as designed (Supporting Information
Figure S1). Circular M13 DNA showed wide distribution
of hydrodynamic size (radius = 45.7 nm); the triangle
DNA origami (radius = 59.0 nm) exhibited a sharp DLS
peak, representing uniform hydrodynamic size; the
square DNA origami (radius = 80.9 nm) and tube-
shaped DNA origami (radius = 98.6 nm) showed wider
peaks than triangle DNA origami.

Biodistribution of Different Shapes of DNA Origami. For
comprehensively evaluating the structure-dependent
tumor accumulating efficiency, we investigated the
biodistribution of unstructured M13 DNA and DNA
origami with different geometries in a subcutaneous
breast tumor model. To visualize the DNA nanostruc-
tures in vivo, M13 DNA and three DNA origami shapes
were designed to incorporate quantumdots (QDs) that
exhibited high photon penetration in the animal tissue.
The morphological characterization of QD�origami is
provided in Supporting Information (Figure S2). MDA-
MB-231 subcutaneous tumor-bearing mice were ad-
ministered with equivalent doses of QDs (5 nM), QD-
M13 DNA, QD-triangle origami, QD-tube origami, and
QD-square origami (5 nM) via intravenous tail injection.
Fluorescence imaging was utilized to examine the
tumor-targeting effects of QD-labeled DNA structures,
and the data were collected at 1, 6, 12, and 24 h after
injection. Figure 2a,b shows the dynamic biodistribu-
tion of different shape nanostructures labeled with QD
in vivo during 24 h. Triangle DNA origami nanostruc-
ture exhibited the optimal accumulation at the tumor
regions compared with square DNA origami and tube
DNA origami. The fluorescence signals indicated that
the QD-triangle origami accumulated at the tumor
site and reached the peak at 6 h (309.3 ( 33.1 � 106

p/s/cm2/sr) and maintained high levels for 24 h. The
QD-tube origami and QD-square origami exhibited
relatively high fluorescence signal contrast at the
tumor site since 12 h postinjection (124.3 ( 10.3 �
106 and 117.7( 5.0� 106 p/s/cm2/sr, respectively), still
lower than that of the QD-triangle origami group. In
contrast, the fluorescence signal of the free QD and
QD-M13 DNA at tumor sites was weak, and there was
no significant difference of fluorescence signals be-
tween these two groups. The fluorescence signal of the
whole body started to decrease after 1 h and is almost
undetected after 24 h postinjection, indicating fast
clearance of QD and QD-M13 DNA.

After the fluorescence imaging in vivo, the same
mice were sacrificed at 24 h postinjection, and the
tumor and major organs (brain, tumor, liver, kidney,
spleen, lung, and heart) were collected and ex vivo

fluorescence intensity imageswere obtained (Figure 2c,d).
Compared with QD and unstructured M13 DNA-treated
mice, there was obvious stronger fluorescence in
tumor tissues of three shapes of DNA origami admin-
istration. The ex vivo fluorescence imaging results
showed that QD-tube origami and QD-square origami
was distributed not only in tumor but also in liver and
kidney, while the QD-triangle origami was mainly
accumulated in tumor and slightly in liver at 24 h
(Figure 2c,d). The QD-triangle origami (392.7 (
21.8 � 106 p/s/cm2/sr) displayed the highest tumor
fluorescence signal compared to QD-tube origami
(299.4( 14.6� 106 p/s/cm2/sr) andQD-square origami
(300.0 ( 11.5 � 106 p/s/cm2/sr); the ex vivo result was
consistent with the in vivo biodistribution, suggesting
optimal shape-dependent uptake in the tumor tissues.

The biodistribution results demonstrated that DNA
origami possessed enhanced tumor passive targeting
and long-lasting properties at the tumor region, which
was favorable for improving the antitumor efficacy.
Particularly, the triangle-shaped DNA origami exhibits
optimal tumor passive targeting accumulation, so the
triangle shapewas used for subsequent studies of drug
loading, intravenous drug delivery in the orthotopic
tumor model, as well as safety evaluation.

Drug Loading and Release in Vitro. Triangle DNA origami
was loaded with doxorubicin, and the drug loading
content was measured following our previous re-
ported procedures.28 After incubating the DNA nano-
structures with doxorubicin for 24 h at room tempera-
ture, approximately 50% of the drug was loaded in the
structures.28 Morphological characterization of the
triangle DNA origami andDOX/origami was conducted
using AFM. Each side of the integrated triangular
nanostructures was approximately 120 nm long. The
AFM images of the triangle DNA origami and DOX/
origami provided evidence that the nanostructural
morphology was retained after DOX intercalation
(Figure S3). The stability of DNA origami and DOX/
origami in physiological conditions was investigated.
The hydrodynamic radius measurements and gel elec-
trophoresis of DNA origami and DOX/origami demon-
strated that there were no obvious structural changes
for DNA origami and drug-loaded complexes after 24 h
incubation in physiological environment (Figure S3).

Controlled drug release capabilities are critical for
drug delivery platforms. Lactic acid is generated due to
hypoxia and acidic intracellular organelles inside tu-
mors, lowering the pH values dramatically in tumor
regions relative to normal areas;33,34 these conditions
may affect the interaction of drug and DNA nanostruc-
tures and facilitate the drug release. Therefore, doxor-
ubicin release from DOX/origami was evaluated in
different phosphate-buffered saline (PBS) solutions
(pH 5.5 and 7.4). The release profiles were consistent
with our previous report.28 For the first 4 h, <10% of the
drug was released from the DNA origami carriers at
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pH 7.4 under physiological conditions. The release pro-
cess proceeded slowly, reaching ∼20% after 48 h. At
pH 5.5, similar to the pH of acidic subcellular organelles
in tumor cells, the drug release efficiency reached
∼35% for the DOX/origami complex (Figure S3). The
drug release content was significantly increased when
the pH values decreased from 7.4 to 5.5, suggesting
that DOX release might be accelerated when DOX/
origami was retained in the acidic tumor region and
subcellular organelles.

Antitumor Efficacy of Drug-Loaded DNA Origami in Vitro and
in Vivo. The cytotoxicity of DOX and DOX/origami was
evaluated using the MDA-MB-231-GFP cell line by the
cell-counting kit (cck-8; see Supporting Information for

details). From the cell viability assay and fluorescent
images, the two groups (DOX and DOX/origami) in-
duced cell death with no significant difference in a
concentration range of 0.01 to 100 μM (Figure S4),
demonstrating that the DNA origami vehicles deliv-
ered the drugs into cancer cells and exhibited anti-
tumor efficacy in vitro. A comprehensive evaluation of
the antitumor effects of DOX/origami in vivo was
further performed, and the schematic is shown in
Figure 3a. Specifically tumor-bearing mice with tumor
volume around 100 mm3 were randomly divided into
four groups (control, DOX, DOX/origami, and origami)
for a continuous 12 day treatment. DOX and DOX/
origamiwere injected intravenously at a dose equivalent

Figure 2. Biodistribution of the DNA origami in vivo. (a) Dynamic biodistribution of QD, QD-M13 DNA, QD-triangle DNA
origami, QD-tube DNA origami, and QD-square DNA origami monitored in the tumor-bearing nudemice for continuous 24 h
through fluorescence imaging. (b) Quantitative analysis of the relative fluorescence light intensity of tumors (nsP > 0.05, *P <
0.05, **P < 0.01, ***P < 0.0001). (c) Twenty-four hours after injection, the animals were sacrificed and tumor tissues as well as
major organs (brain, tumor, liver, kidney, spleen, lung, and heart) were collected for ex vivo imaging. (d) Fluorescence
intensities of individual organs from mice treated with different groups. The error bars represent the standard error of the
mean of three independent experiments (nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.0001).
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to 4 mg/kg of doxorubicin every 3 days, and the
amount of bare origami (0.08 mg/kg/day) was equiva-
lent to the origami in the DOX/origami groups. An
equal volume of 0.9% saline was used as a control. The
tumor volumewasmeasured after different treatments
(Figure 3b). The nudemice treated with DOX and DOX/
origami both exhibited tumor volume inhibition ef-
fects compared to the saline-treated group, and more-
over, theDOX/origami treatment displayeda significantly
higher ratio of reducing tumor burden than the DOX-
treated group (*P < 0.05). No tumor inhibition occurred
with the empty DNA origami treatment.

Fluorescence Imaging of Drug-Loaded DNA Origami in Vivo.
Fluorescence imaging technique is performed in real
time and is noninvasive, highly sensitive, and in-
expensive.35,36 With the aid of green fluorescent pro-
tein (GFP), the nude mice bearing orthotopic breast
tumors derived from the MDA-MB-231-GFP cells

displayed strong green fluorescence signal in the
tumor regions.

To study the antitumor effects, the fluorescence
imaging strategy was utilized to continuously monitor
the therapeutic effects of DOX/origami. The fluores-
cence images were recorded by using the IVIS Imaging
Spectrum System, and the data were analyzed using
the IVIS Living Imaging 3.0 software (PerkinElmer, USA).
In general, the fluorescence signal intensities of
the tumor regions continued increasing for the whole
12 day treatment for both the saline and DNA
origami treatment, and the two groups of mice ex-
hibited a similar trend. The DOX-treated mice showed
slight fluorescence enhancement after 12 day admin-
istration. The fluorescence signals were decreased as
early as 3 days after treatment with DOX/origami
(Figure 3c,d). Furthermore, the average value of the
fluorescence light intensities of the DOX/origami

Figure 3. (a) Dosing regimen of the antitumor study. (b) Monitoring tumor growth with different treatments (control, DOX,
DOX/DNA origami, and DNA origami) for 12 days. The tumor volumes were measured using a digital calliper every 3 days
(volume = π� a� b2/6, where a and b are the width and length of the tumors, respectively) (*P < 0.05, **P < 0.01). (c) In vivo
real-time fluorescence imaging of the control, DOX, DOX/DNAorigami, andDNAorigami groups for 12 days. (d) Fluorescence
light intensity data analysis for breast-tumor-bearing mice in the control, DOX, DOX/DNA origami, and DNA origami groups
for 12 days. The error bars represent the standard error of themean of three independent experiments (*P < 0.05, **P < 0.01).
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treatment group (2.78 ( 1.25 � 109 p/s/cm2/sr)
was even less than that of the DOX-treated group
(3.88 ( 1.19 � 109 p/s/cm2/sr) (*P < 0.05) on day 12.
These results suggested that the DOX/origami delivery
system facilitated the antitumor treatment efficacy of
doxorubicin in vivo, while bare DNA origami did not
affect the normal growth of tumor.

Distribution of Doxorubicin within Tumor Tissues. Doxo-
rubicin can be directly visualized (Figure 4) from its
own red florescence emission (520�660 nm, twopeaks
at 550 and 580 nm).37,38 Therefore, the accumulation
of DOX and DOX/origami at the tumor sites can be
observed by fluorescence imaging. After administering
saline, DOX and DOX/origami, the tumor tissues were
collected and cryosectioned for fluorescence examina-
tion at 24 h (Leica, Germany). The distribution of
doxorubicin in tumor perivascular was assessed by
the immunofluorescence (recognized by CD31 anti-
body, the green fluorescence, Figure 4). The dual color
fluorescence of cryosectioned images (Figure 4)
showed that there was relatively more doxorubicin at

the tumor sites in the DOX/origami-treated group
compared with the DOX alone group (Figure 4), and
the drug delivered by DNA origami carriers was mainly
distributed surrounding blood vessels of tumor re-
gions (Figure 4, indicated by the white arrows). DOX/
origami exhibited optimal EPR effects and preferable
long-lasting accumulation in the tumor region. By
combining passive accumulation with slow drug re-
lease in vitro, DOX/origami holds the potential to
reduce the nonspecific distribution of doxorubicin
during the in vivo delivery process, inducing controlled
drug release in the tumor region.

Systemic Toxicity Studies of Doxorubicin-Loaded DNA Origami
Carrier. The safety of DNA nanostructures is critical in
the comprehensive evaluation of our DNA origami
drug delivery platform. The biocompatibility of the
DNA origami's inherent properties as well as any
potential influence of the drug delivery process was
assessed in the following experiments. The BALB/c
mice were treated with the DNA origami carrier and
saline individually, and after 6 h, the whole blood and

Figure 4. Doxorubicin localization in tumor tissues in relation to the tumorblood vessels detectedby the CD31biomarker. Six
hours after the tumor-bearing mice received intravenous injection of DOX, DOX/DNA origami, and saline (control), tumor
tissues were frozen, cryosectioned, and stained with CD31. The red fluorescence images of doxorubicin of the tumor tissues
and green fluorescence of CD31 were captured under the same slide view (scale bar = 50 μm, 10�, white arrows indicate the
drugs delivered by DNA origami distributed surrounding blood vessels).
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serum were collected. The whole blood analysis data
revealed that the total amounts of white blood cells
(WBCs), red blood cells (RBCs), hemoglobin (HGB), and
platelet (PLT) were all in normal ranges in the DNA
origami-treated group (Table1). The early immuno-
genic response of DNA origami was monitored by
measuring the serum IFN-R level, and the data showed
that there was no significant difference between DNA
origami-treated and saline-treated mice (Figure 5a). In
addition, the effects of DNA origami on the tumor
growth, apoptosis, and metastasis-related gene ex-
pression was tested on MDA-MB-231 tumor cells. The
results demonstrated that DNA origami alone does
not affect genes expression regulating tumor growth,
apoptosis, ormetastasis (Figure S5). Moreover, the total
body weight and the histology of the major organs
were measured and examined after different treat-
ment for the comprehensive safety assessment. Com-
pared to the saline-treated group, the body weight of
tumor-bearing mice did not exhibit significant
decrease during the 12 day administration of DOX/
origami or origami, while the body weight of the DOX-
treated group was significantly decreased (**P < 0.01)
(Figure 5b). The histological examination of major
organs (liver and kidney) in the different treat-
ment groups was examined. The histology of the
liver revealed the hepatotoxicity (Figure S6, indi-
cated by the white arrows) in the DOX-treated group
but not in the DOX/origami and origami treatment
groups.39�41 The DOX treatment also induced nephro-
toxicity (Figure S6, indicated by the white arrows),42�45

whereas no significant abnormalities were found in

themice treatedwith saline, DOX/origami, and origami
(Figure S6).

The orthotopic breast-tumor-bearing nude mice
were utilized in this study because they are the prefer-
able animal model for simulating tumor develop-
ment in human beings. With the help of fluorescence
imaging, tumor growth of mice and antitumor efficacy
of drug-loaded DNA carriers were dynamically and
noninvasively monitored. This noninvasive fluores-
cence imaging strategy can be utilized to observe the
onset and progression of neoplastic transformations.
The technique can also be used to visualize and
quantify the cellular and physiological processes of
tumors in vivo, providing obvious advantages over
traditional methods, as well as the potential to accel-
erate the drug discovery process. Furthermore, some
antitumor agents usually inhibit tumor progression
rather than tumor volume shrinkage. Therefore, the
evaluation of therapeutic response only through tumor
volumemeasurement is no longer comprehensive.46 In
our study, both the tumor volume and the fluores-
cence imaging results revealed that DOX/origami pos-
sessed antitumor efficacy without any observable side
effects in tumor-bearing nude mice, highlighting the
potential of DNA origami as a unique drug carrier for
next-generation clinical cancer therapy.

Nanoparticle drug delivery systems with ideal size
and controlled three-dimensional (3D) geometry can
facilitate passive drug enrichment in the tumor regions
using size- and shape-dependent EPR effects.5,47�49 In
our previous study, tubular and triangular DNA origami
were used as the nanocarriers for doxorubicin, a
chemotherapy drug, and treated MCF7 human breast
adenocarcinoma cancer cells.28 The square-shaped
DNA origami binding with virus capsid proteins was
used as cellular delivery carrier.50 So the three particu-
lar structures (triangle, tube, and square) were used to
investigate shape-dependent DNA origami biodistri-
bution in vivo. The in vivo biodistribution results
(Figure 2) demonstrated that the three DNA origami
nanostructures possessed enhanced tumor accumula-
tion and long-lasting properties at the tumor region,

Figure 5. Comprehensive safety assessment for the DNA origami drug delivery platform. (a) Early immunogenic response of
DNA origami by measuring the IFN-R level in blood samples. (b) Body weight of the tumor-bearing mice after different
treatment was measured every 3 day. The error bars represent the standard error of the mean of three independent
experiments (**P < 0.01).

TABLE 1. Whole Blood Analysis ofWhite Blood Cell (WBC),

Red Blood Cell (RBC), Hemoglobin (HGB), and Platelet

(PLT) of DNA Origami and Saline Treatment

blood parameters control DNA origami reference range

WBC (�109/L) 3.1 ( 0.7 4.7 ( 0.8 0.8�6.8
HGB (g/L) 115.2 ( 2.2 112.5 ( 9.1 110�143
RBC (�1012/L) 7.9 ( 0.2 7.2 ( 0.6 6.36�9.42
PLT (�109/L) 1123.7 ( 218.1 906.7 ( 161.9 450�1590
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which was presumably due to the preferable compact-
ness and size of DNA constructs.27 Among the three
origami structures, the triangle DNA origami exhibited
a very sharp DLS peak (Figure S1). The uniform hydro-
dynamic size of triangle-shaped DNA origami might
contribute to the better tumor accumulation effect
compared to the square and tube DNA origami. The
triangle shape was then used for doxorubicin inter-
calation, drug delivery in vivo, and safety evaluation.

Compared to conventional drug carriers,51�53 ra-
tionally designed DNA nanostructures are safe, bio-
compatible, and effective drug delivery platforms and
are promising candidates for clinical use among nu-
merous nanocarriers (Figure 5, Table 1). Compared
to saline treatments, DNA origami did not interfere
with normal growth of the tumor (Figure 3), thereby
meeting the prerequisites for drug delivery vehicles.
Although significant progress has been made using
DNA polyhedral wireframe nanostructures as in vivo

delivery platforms, utilizing programmable DNA origa-
mi as in vivo antitumor drug carriers has various
advantages. Compared to the DNA wireframe cages,
the additional layers of tightly packed double helices
offer more binding sites per DNA nanostructure for
drug intercalation. Therefore, DNA origami can load
more doxorubicin than DNA polyhedral wireframe
nanocages. The compact origami nanostructures can
be loaded with a high concentration of drugs, which
are then digested slowly in vitro and in vivo, offsetting
the unintended release of the drug during in vivo

trafficking. Moreover, the loaded drug was released
under low pH values (Figure S3b), which is presumably
due to the slow degradation of the DNA nanostruc-
tures in the acidic environment. In addition, a change
in the ionization state of doxorubicin at low pH could
also contribute to the release of drug from the DNA
nanostructure. Compared to the uniformly sized DNA
cages (approximately 7�20 nm), DNA origami can be
designed in sizes ranging from 10 to several hundred
nanometers with controlled three-dimensional geo-
metry; this predefined morphology contributes to the
significant passive drug accumulation across the tumor
vasculature through EPR effects (Figure 4). In our
experiment, the triangle-shaped DNA origami exhibits
optimal tumor accumulation. The superior EPR effects

of DNA origami carriers favored drug accumulation at
the tumor site. Therefore, DOX/origami exhibits pro-
mising in vivo antitumor efficacy (Figure 3) without any
observable side effects (Figure 5, Figure S6, and Table 1)
due to its size- and shape-dependent EPR effects and
its unique drug release properties.

The programmability and addressability of the DNA
origami provides a prominent platform for the design
and construction of drug vehicles with multiple mod-
ifications. The staple strands of DNA origami at con-
trolled sites can be modified precisely with functional
groups, such as tumor-targeting peptides, small inter-
fering RNAs, antibodies, and imaging molecules;
these functionalities may enable further active tumor-
targeting, antitumor efficacy, or in vivo imaging func-
tions. Moreover, tumor-targeting biomolecules and/or
imaging labeling tags canbeorganized intooneorigami
template with addressable units. These properties result
in the multivalent biological function of the large DNA
nanostructures, which are the key features during the
construction of multifunctional, active tumor-targeting
drug carriers. The interaction between the multifunc-
tional drug carrier and the living organism ismultivalent
and orientation-dependent, which is difficult to achieve
using traditional polymers or metal nanoparticles as the
carriers. DNA origami can arrange functional groups
with precisely controlled 3D orientations, extending
the applications of the self-assembled DNA origami
nanostructureswithin drug discovery and development.

CONCLUSION

We have demonstrated that DNA origami as anti-
tumor drug carriers successfully transported the pay-
loads to tumor regions in nude mice. Through in vivo

and ex vivo imaging, we have confirmed that DNA
origami possessed enhanced tumor passive targeting
and long-lasting accumulation properties at the tumor
region. Particularly, the triangle-shaped DNA origami
showed optimal tumor passive targeting accumula-
tion. We further demonstrated that the DNA origami�
drug delivery system displayed optimal antitumor
efficacy in vivo without inducing observable systemic
toxicity. Our work demonstrated that DNA origami had
great potential in clinical use as efficient and biocom-
patible antitumor drug delivery platforms.

METHODS

Materials. All oligonucleotides were purchased from Invitro-
gen (Shanghai, China). The origami staple strands were stored
in 1.5 mL Eppendorf tubes with concentrations normalized to
100 μM and were used without further purification. The con-
centration of each strand was estimated after measuring their
UV absorbance at 260 nm. M13mp18 phage single-stranded
DNA (N4040S) was purchased from New England Biolabs, Inc.
(Beijing, China). Doxorubicin was purchased from Huafeng
United Technology (Beijing, China).

Self-Assembly of DNA Origami. DNA origami structures were
assembled according to Rothemund's and Yan's work.11,15 A
1:10 molar ratio between the M13mp18 ssDNA (5 nM) and the
short helper strands was used. The DNA origami was annealed
and assembled in 1� TAE-Mg2þ buffer (Tris, 40 mM; acetic acid,
20mM; EDTA, 2mM;magnesium acetate, 12.5mM; pH 8.0) in an
Eppendorf thermocycler (Eppendorf China) by slowly cooling
from 90 �C to room temperature over 12 h.

DNA Origami Fluorescent Labeling by QD. One staple strand (C42
for triangle DNA origami and M13 DNA, S34 for squared DNA
origami, and T02 for tube DNA origami; see Schemes S1�S3
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for details) with biotin modification was assembled into DNA
origami (5 nM). Streptavidin-conjugated QD655 (Invitrogen)
was then assembled on the DNA template through biotin�
streptavidin interaction. The sequence of the biotin-modified
strand is

Biotin-C42: 50-biotin-TTGTAACCGTCTTTCATCAACATTAAAA-
TTTTTGTTAAATCA-30

Biotin-S34: 50-biotin-TTCGATTTTAGAGGACAGATGAACGGC-
GCGACCT-30

Biotin-T02: 50-biotin-TTCATCAATTCTACTATTCAAAAGGGT-
GAGATAGATTAGAGCCG-30

Doxorubicin Incorporation into DNA Origami. The drug loading
procedure was performed according to our previous work.28

Briefly, doxorubicin solution (2 mM) was incubated with the
triangular DNA origami structures (2.5 nM) for 24 h before being
centrifuged at 8000 rpm at room temperature for 10min. A dark
red precipitate (DOX/origami) was then collected. The unloaded
doxorubicin in the supernatant was isolated and quantified
using UV�vis absorption measurements at 480 nm with a
microplate reader (TECAN, Infinite M200, Switzerland). The
doxorubicin loading content in the DNA nanocarriers was
calculated as demonstrated in a previous report.28 The details
of characterization of DOX/origami and drug release in vitro are
in the Supporting Information.

Cell Culture. MDA-MB-231 and MDA-MB-231-GFP which are
human mammary gland adenocarcinoma cell lines, were pro-
cured from the Department of Radiology, Peking UnionMedical
College Hospital. The cells were labeled with green fluorescent
protein using a standard stable transfection protocol. The cells
were cultured in Dulbecco's modified Eagle medium (Hyclone,
Thermo Scientific), supplemented with 10% fetal bovine serum
(Hyclone, Thermo Scientific). The cells were cultured in a 5%CO2

atmosphere at 37 �C.
MDA-MB-231 Subcutaneous and MDA-MB-231-GFP Orthotopic Tumor-

Bearing Mice Model. Athymic female BALB/c nude mice (5�6
weeks old) were purchased from the Department of Experi-
mental Animals, Peking University Health Science Center. All
animal experiments were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committee
at Peking University. The subcutaneous tumor model was
established by injecting 150 μL of MDA-MB-231 cell suspension
(1 � 106 cells/mL) into the right upper flanks of BALB/c nude
mice. The orthotopic tumor model was established by injecting
100 μL of MDA-MB-231-GFP cell suspension (1 � 106 cells/mL)
into the lower right mammary fat pad of the BALB/c nude
mice.

Characterization of the Biodistribution of DNA Origami in Vivo. The
fluorescence imaging was utilized to examine the tumor-
targeting effects of QD-labeled M13 DNA and different shapes
of QD-labeledDNAorigami.MDA-MB-231 subcutaneous tumor-
bearing mice were used and randomly divided into three
groups (n = 3 per group). The mice were administered with
equivalent doses of saline, QD (5 nM), QD-M13DNA,QD-triangle
origami, QD-square origami, andQD-tube origami (5 nM) via tail
vein injection. The QD655-labeled M13 DNA and DNA origami
were used to visualize the biodistribution in vivo for its red
fluorescence (emissionmaxima of∼655 nm) after being excited
by a 500 nm laser. Fluorescence imaging was performed using
the IVIS Imaging Spectrum System and analyzed by IVIS Living
Imaging 3.0 software (PerkinElmer, USA). A QD655 filter set was
used for acquiring the fluorescence of QD-M13 DNA, three
shapes of QD-labeled origami, and QDs. The in vivo data were
collected at 1, 6, 12, and 24 h after injection. The fluorescence
light intensity of tumors was used as signal of interest, and
the fluorescence light intensity of muscle on the same mouse
was used as the background. Fluorescence intensity was nor-
malized as photons per centimeter squared per second per
steradian (photons/cm2/s/sr). The tumor relative fluorescence
intensity was calculated according to the following formula:

relative light intensity ¼ fluorescence intensitytumor

� fluorescence intensitymuscle

Twenty-four hours after tail injection, the same animals
were sacrificed and the major organs including brain, tumor,

liver, kidney, spleen, lung, and heart were collected, and the
ex vivo fluorescence imaging was carried out.

DOX/Origami and DOX Treatment. The orthotopic breast-
tumor-bearing mice (n = 20) were randomly divided into four
groups (n = 5 per group) until the tumor volume was around
100mm3. DOX/origami andDOXwere administered via tail vein
injections. The doxorubicin dosage in DOX and DOX/origami
treatment was 4 mg/kg and was administered every 3 days
during the 12 day treatment. The amount of the origami
(0.08 mg/kg) was given equivalently to that used for the DOX/
origami groups. The control group received an equal amount of
0.9% saline injection (Figure 3a).

Mouse Body Weight and Tumor Volume. The weight of the mice
was measured using an electronic balance every 3 days. The
tumor volume was measured by using the digital caliper every
3 days and calculated according to the formula π � a � b2/6,
where a and bwere the respective lengthandwidthof the tumor.

In Vivo Fluorescence Imaging of the Orthotopic Tumor Model. In vivo
drug evaluation was performed using the IVIS Imaging System
Spectrum and analyzed using the IVIS Living Imaging 3.0 soft-
ware (PerkinElmer, USA). Fluorescence imaging was implemen-
ted on the orthotopic tumor mouse models 0, 3, 6, 9, and 12
days after drug treatment. A GFP filter set was used to acquire
the tumor fluorescence light. The fluorescence light intensity
of the region of interest of the tumor on each mouse from day
0 to day 12 was quantified. Fluorescence emission images were
normalized and reported as photons per second per centimeter
squared per steradian.

Immunofluorescent Staining of CD31 on Tumor Tissues. Tumor-
bearing mice received intravenous administration of DOX and
DOX/origami, each at a dose of 4 mg/kg for 24 h. The tumor
tissues were frozen, OCT was embedded, and cryosectioning
proceeded. After being washed with PBS and fixed in cold
acetone for 15min, the slides were subsequently blocked by 1%
normal goat serum at room temperature for 10 min. The
cryosections were overlaid with rat anti-mouse CD31 mono-
clonal antibody (BD Biosciences, USA) at 4 �C overnight. After
removal of the primary antibody and washing with PBS, donkey
anti-rat Alexa Fluor 488 (Invitrogen, USA) was added and
incubated for 1 h at room temperature. The sections were
visualized under fluorescence microscope (Leica, Germany).

Whole Blood Analysis and the IFN-r ELISA Assay. The effects of
DNA origami on the whole blood cell (including white blood
cell, red blood cell, hemoglobin, and platelet) and plasma IFN-R
level were tested. Briefly, the 6 week female BALB/c mice were
intravenously injected with DNA origami (5 nM) or equal
amounts of saline. Six hours after injection, blood samples were
collected, and the blood cell analysis was acquired by an Auto
Hematology analyzer BC-2800Vet (Mindray, China). Referenced
to Lee's work,22 the plasma IFN-R level was analyzed by an IFN-R
ELISA kit (R&D Systems, USA).

Statistical Analysis. One-way analysis of variance (ANOVA) and
Tukey multiple comparisons test or Student's t test was used
to determine the statistical differences. *P values <0.05,
**P values <0.01 and ***P values <0.0001 were considered
statistically significant. Statistical analysis was conducted using
Prism4.0 (San Diego, CA, USA).
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