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ABSTRACT: Previous studies have shown that chemotherapeutic
efficacy could be enhanced with targeted drug delivery. Various
DNA origami nanostructures have been investigated as drug
carriers. Here, we compared drug delivery functionalities of three
similar DNA origami nanostructures, Disc, Donut, and Sphere, that
differ in structural dimension. Our results demonstrated that
Donut was the most stable and exhibited the highest Dox-loading
capacity. MUCI aptamer modification in our nanostructures
increased cellular uptake in MUC1-high MCF-7. Among the three
nanostructures, unmodified Donut exerted the highest Dox
cytotoxicity in MCF-7, and MUC1 aptamer modification did not
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further improve its effect, implicating that Dox delivery by Donut was efficient. However, all Dox-loaded nanostructures showed
comparable cytotoxicity in MDA-MB-231 due to the innate sensitivity of this cell line to Dox. Our results successfully demonstrated
that functional properties of DNA origami nanocarriers could be tuned by structural design, and three-dimensional Donut appeared

to be the most efficient nanocarrier.
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B INTRODUCTION

Chemotherapy is a common treatment for cancer patients to
cure cancer or reduce its symptoms by using anticancer drugs.
These therapeutic agents interfere with basic biochemical
pathways necessary for cell viability, such as DNA replication
and protein translation, and eventually result in cancer cell
death. However, they exert nonspecific cytotoxic effects on
normal proliferating cells, which lead to adverse effects of
chemotherapy. For instance, doxorubicin (Dox), a widely used
anthracycline antibiotic, can increase the risk of fatal
cardiotoxicity." To reduce side effects, targeted therapy and
drug delivery systems have been developed to precisely deliver
anticancer drugs only to cancer cells. Moreover, this could lead
to a reduction in effectively required dosage drugs for patients.
Different types of nanomaterials have been explored for smart
nanocarrier construction including metals,” polymers,” lipid-
polymer hybrids,* proteins,” and nucleic acids.”

To construct smart drug nanovehicles, DNA is an attractive
starting material according to its own physical and chemical
properties. Also, this molecule is naturally biocompatible and
biodegradable. Structural DNA nanotechnology, founded by
Nadrian C. Seeman, utilizes DNA as a building block for
constructing nanostructures with precisely designed geometries
and programmable functional modifications.'” The scaffolded
DNA origami technique is a breakthrough in structural DNA
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nanotechnology, enabling the formation of larger DNA
nanostructures with a simple self-assembling step.'' Previous
studies have established powerful tools for automated design
for any desired sizes and shapes of DNA origami
nanostructures.'”~"> The production methods for customized
single-stranded DNA scaffold synthesis with programmable
sequence and length have been reported'®™'® as well as the
efficient purification strategies.'” ' In addition, it has been
shown that spatially functional modification on DNA
nanostructures at molecular levels could be achieved.””™*
Current applications of DNA origami nanostructures include
protein and cell engineering, diagnostics, and therapeutics such
as drug and gene delivery. It has been widely shown that not
only did DNA origami nanocarriers enhance therapeutic
efficacy but also they overcame drug resistance in several
cases.”® Previous reports demonstrated that triangular DNA
origami nanostructures offer a promising platform for Dox
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delivery both in vitro and in vivo.”” Similar to Dox, a rod-like
DNA origami nanostructure was tested as a daunorubicin
nanovehicle to circumvent drug resistance in leukemic cells.”®
In addition to chemotherapeutic agents, CpG motifs were
delivered as immunostimulants using a DNA origami nano-
tube.”” DNA origami in a barrel-like shape was constructed as
a logic-gated nanorobot for antibody fragment transport.”®
Recently, researchers have demonstrated that the triangular,
tubular, and rectangular shaped DNA origami nanostructure
was utilized as a carrier platform for combined drug and gene
therapy.””~*” In addition, as drug carriers for transdermal drug
delivery using a mouse melanoma model, DNA origami
nanostructures could enhance drug accumulation and tumor
inhibition compared with liposomes and polymeric nano-
particles.”” Researchers also found that these DNA origami
nanostructures are nontoxic even at high concentration (1 ug/
mL).

To enhance target selectivity, the targeted drug delivery
system could be constructed using a specific targeting ligand
modification onto the nanocarriers. Aptamers have attracted
much attention as a promising targeting agent. They are short
single-stranded DNA or RNA that specifically bind to target
molecules like antibodies. After binding with receptors on cell
surface, aptamers are endocytosed into cells mostly via
clathrin-mediated pathways.’* In addition, they are easily
modified onto DNA nanostructures to facilitate the selective
uptake into specific cells. MUC1 aptamer is a widely used
targeting ligand specifically binding to mucin 1 glycoproteins
(MUC1) overexpressed on the cell surface of several types of
cancer cells.*>*¢ According to our previous reports, MUCI-
modified DNA nanosphere could differently respond to lysates
of cells with MUCI1-positive cells, MCE-7 cells, and MUC1-
negative cells, MDA-MB-231 cells.*” Moreover, the specificity
of MUC1-modified DNA nanosphere had been determined
against three cell lines with different expression levels of
MUCI proteins.”® Our results clearly showed that aptamer
modification can selectively enhance intracellular internal-
ization of DNA origami nanostructures into targeted cells.
Several studies showed the specific targeting efficiency of
MUCI1-modified DNA nanostructure in targeted drug delivery
to MCE-7 cells.*?3%3%384% Also, it has been shown that the
amount of targeting ligands on nanocarriers may affect cellular
uptake efficiency.”"**

During the past decade, DNA origami nanostructures in
various sizes and shapes, such as nanotube,””*"** nano-
rod,”?o% triamgle,7’9’29"0 rectangle,"’2 and sphere,‘w’?’g’45 have
been demonstrated as drug delivery vehicles. Several studies
have demonstrated that the cellular internalization of DNA
origami nanostructures depends on size, shape, and even cell
lines.**™* DNA origami nanostructures that are compact and
have a low aspect ratio in the size of 50—80 nm are better for
cellular internalization.”® Also, different shapes of DNA
origami nanostructures offer different drug loading and
releasing capabilities.”” Even though several studies showed
that the size and shape of DNA origami nanocarriers might
have some effects on functional properties as drug delivery
vehicles,*>***°™%3 those previous reports mostly compared the
DNA nanostructures with different sizes and shapes. Moreover,
some of those nanostructures are quite unique in their
structural design strategy. On the basis of original scaffold
DNA origami method, these DNA origami nanostructures are
designed with the scaffold folding to form planar structures
with a height of one-helix layer.11 Similar to the original one,
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DNA nanostructures with complex curved surface could be
obtained by designing the pattern of crossovers to get the out-
of-plane curvature.*> Another design is called the honeycomb-
pleat-based strategy, which leads to the densely packed brick-
like DNA origami nanostructures with a height of multihelix
layer.”® Alternatively, the structural design rule for the
construction of complex 3D nanocage-like wireframe DNA
origami nanostructures had also been reported.” It has been
known that the formation of DNA origami nanostructures can
be done in an one-pot annealing process. However, the
annealing protocols for each DNA origami nanostructure are
different in detail. The original and curve-surfaced DNA
origami nanostructures could be annealed in a simple
thermocycler within a few hours. The densely packed and
wireframe DNA origami nanostructures require high-perform-
ance thermocycler equipment since the temperature needs to
be slowly cooled down over a long period of time. This is a
limitation in the construction of DNA origami nanostructures
with complex DNA folding. In this study, we aimed to focus on
similar shape DNA origami nanostructures that could be easily
annealed in simple thermocycler equipment. Three similar
shapes of nanostructures that differ in structural dimension
were selected for comparative study on functional properties as
nanovehicles. Disc nanostructure is a two-dimensional (2D)
structure, while Donut and Sphere are three-dimensional (3D)
structures. The drug delivery properties of these DNA origami
nanostructures including stability, drug loading and releasing
capacity, cellular uptake, and cytotoxicity were investigated.
Also, the specificity of these DNA origami nanostructures after
aptamer modification was examined.

B EXPERIMENTAL SECTION

Materials. All single-stranded oligonucleotides and CyS-modified
oligonucleotides were purchased from Integrated DNA Technologies
Pte. Ltd. (Singapore), and M13mpl8 was obtained from Bayou
Biolab (USA). Doxorubicin (Dox) was purchased from Sigma-Aldrich
(USA). The MCF-7 and MDA-MB-231 cells were maintained in our
laboratory. Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), penicillin, and streptomycin were purchased
from Thermo Fisher Scientific Inc. (USA). Mouse anti-mucinl
antibody (primary antibody), rabbit antimouse antibody (secondary
antibody) labeled with horseradish peroxidase (HRP), FITC-
conjugated antimouse antibody (secondary antibody), p-actin,
Hoechst 33342, and phalloidin were purchased from Cell Signaling
Technology (USA). Clarity Western ECL substrate was purchased
from Bio-Rad (USA).

Preparation of DNA Origami Nanostructures. The staple
strands for the assembly of DNA origami nanostructures into three
different shapes, Disc, Donut, and Sphere, were modified according to
Han’s report.”> These DNA origami nanostructures were formed
using a method from our previous study.”’38 Briefly, all DNA strands
(scaffold and staples) were mixed together in 1X TAE/Mg** buffer
(40 mM Tris; 20 mM acetic acid; 2 mM EDTA; and 12.5 mM
magnesium acetate), and the mixture was annealed in a thermocycler
by gradually cooling from 68 to 25 °C at 0.6 °C/min and from 25 to 4
°C at 1 °C/min. After an annealing step, DNA ori§ami nanostructures
were purified using PEG purification method."” Each sample was
mixed with PEG8000 purification buffer and then centrifuged at
13000 rpm at 16 °C for an hour. The supernatant was discarded to
remove the excess staple strands and the pellet was resuspended in
TAE/ Mg2+ buffer.

Characterization of DNA Origami Nanostructures. The
annealed DNA origami nanostructures were analyzed by a 1.5%
agarose gel containing 16 mM MgCl, at 75 V in 0.5X TBE buffer
(2225 mM Tris; 22.25 mM boric acid; and 0.5 mM EDTA)
containing 11 mM MgCl,. The gel was stained with ethidium bromide
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Scheme 1. Structural Design of Aptamer-Modified Dox-Loaded DNA Origami Nanostructures as Targeted Drug Delivery
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!(a) Diagrams of DNA origami nanostructures, Disc, Donut, and Sphere, with and without MUC1 aptamer modification. (b) Self-assembled Dox-
loaded DNA origami nanocarriers. (c) Dox-loaded MUC1-modified DNA origami nanostructures as targeted nanocarriers to specific cancer cells.

before visualization. The annealed DNA origami nanostructures were
characterized by atomic force microscopy (AFM). The samples were
deposited onto freshly cleaved mica (Ted Pella, Inc.,, USA) for S min
and then washed with distilled water twice and air-dried. AFM
imaging was performed with a tapping in air mode using ScanAsyst-
Air silicon nitride cantilever. The annealed DNA origami nanostruc-
tures were also characterized by transmission electron microscopy
(TEM). After the samples were deposited onto a negatively glow-
discharged carbon-coated grid for 3 min, the excess solution was
wicked using a filter paper. Then 0.7% uranyl acetate solution was
added for 45 s to negatively stain the samples and then wicked using a
filter paper. After drying, TEM imaging was performed using a Tecnai
F20 FEG transmission electron microscope operating at 120 kV in
bright field mode.

Stability Assay. The stability of each DNA origami nanostructure
was separately investigated by incubating these DNA nanostructures
in the annealing buffer (1X TAE/Mg™") and cell culture media
(DMEM supplemented with 10% FBS) at both room temperature
and 37 °C. Next, the samples were analyzed on a 1.5% agarose gel
containing 16 mM MgCl, at 75 V in 0.5X TBE buffer (22.25 mM
Tris; 22.25 mM boric acid; and 0.5 mM EDTA) containing 11 mM
MgCl,. The gel was stained with ethidium bromide before
visualization.

Doxorubicin Loading. For Fluorescence Experiment. DNA
origami nanostructures at different concentrations (3—9 nM) were
incubated with 10 M Dox for 3 h. Then the fluorescence intensity of
the samples was measured with the excitation wavelength at 470 nm
and the emission wavelength ranging from 500 to 750 nm using
fluorescence spectrophotometer (Agilent). The spectra were plotted
for comparison.

For Absorption Experiment. DNA origami nanostructures at 5 nM
concentration were incubated with different concentrations of Dox
(62.5—500 uM) at 37 °C for 24 h. The samples were centrifuged at
15000 rpm at 4 °C for 30 min, and then the supernatants were
collected for absorption measurement at 480 nm usin% a microplate
reader. The loading capacity was calculated as follows:

% loading capacity = (D,,/Dyo) X 100

when Dy, is the final content of Dox in DNA origami nanostructures
and D, is the initial content of Dox in the solution

Release Capability. Each DNA origami nanostructure was
incubated with 250 M Dox at 37 °C for 24 h before centrifugation
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at 15000 rpm at 4 °C for 30 min and then the supernatant was
removed. The pellet was resuspended in TAE/Mg*" buffer, and the
mixture was incubated at 37 °C for 15 and 60 min before
centrifugation at 15000 rpm at 4 °C for 30 min and the supernatant
was removed. The pellet was resuspended in TAE/Mg>* buffer and
the absorbance at 480 nm was measured using a microplate reader
before and after incubation. The release capability of each DNA
origami nanostructure was calculated as follows:

% Release = [(A, — A;)/A,] X 100

where Ay is the initial content of Dox in DNA origami nanostructures
and A, is the content of Dox in DNA origami nanostructures after
incubation

Cellular Internalization of Dox-Loaded DNA Origami Nano-
structures. Cellular internalization of Dox-loaded DNA origami
nanostructures on MCF-7 and MDA-MB-231 cells was examined
using a fluorescence microscope. MCF-7 cells (at a density of 3500
cells/well) and MDA-MB-231 cells (at a density of 3000 cells/well)
were seeded in 96-well plates and cultured overnight in DMEM
supplemented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in a 5% CO, atmosphere. For Dox-loaded
DNA origami nanostructures, cells were incubated with 1 nM of Dox-
loaded DNA origami nanostructures for 1 h. After washing step, cells
were visualized by fluorescence microscope to determine the cellular
internalization followed Dox signal compared with free dox at 10 uM.

Cell Viability Assay. Cytotoxicity of Dox-loaded DNA origami
nanostructures on MCF-7 and MDA-MB-231 cells was examined
using the MTT assay. MCF-7 cells (at a density of 3500 cells/well)
and MDA-MB-231 cells (at a density of 3000 cells/well) were seeded
in 96-well plates and cultured overnight in DMEM supplemented
with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin at
37 °C in a 5% CO, atmosphere. For Dox-loaded DNA origami
nanostructures, cells were incubated with 0.5—2 nM of Dox-loaded
DNA origami nanostructures for 1 h. After the incubation, the MTT
assay was performed by adding MTT to get a final concentration of
0.5 mg/mL for each well and incubated at 37 °C for 3 h. Then the
crystal formazan product was dissolved in DMSO and the absorbance
at 540 nm was measured using a microplate reader. The percentage of
cell viability can be calculated using the following equation. The
absorbance of DMSO treatment was subtracted from all data:
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Figure 1. Structural verification of three different DNA origami nanostructures. AFM images of (a) Disc, (b) Donut, and (c) Sphere. TEM images

of (d) Disc, (e) Donut, and (f) Sphere.

% cell viability = 100 — {[(As4 of control — Ay, of treated)
/Ay, of treated] X 100}

where Ay, of control is the absorbance of the cells incubated in
culture media only and Agy, of treated is the absorbance of the cell
treated with DNA nanostructures.

B RESULTS AND DISCUSSION

Preparation and Characterization of DNA Origami
Nanostructures. Three different DNA origami nanostruc-
tures, Disc, Donut, and Sphere, were selected as model
representatives for 2D and 3D DNA ori§ami nanocarriers
modified based on the previous reports’”**** to determine
their functional properties as targeted drug delivery vehicles
(Scheme 1a). In addition, Dox was chosen as a model drug
cargo that would be loaded into the annealed DNA
nanostructures via intercalation (Scheme 1b). Then the
cellular internalization and cytotoxicity of these Dox-loaded
DNA origami nanostructures were evaluated using fluores-
cence microscopy and MTT assay, respectively (Scheme 1c).

As shown in Figure la—c, Disc is a one-helix-thick 2D planar
structure with 62 nm diameter, while Donut and Sphere are
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3D structures contain hollow space inside with 44 and 42 nm
diameter, respectively. After the self-assembling step, DNA
nanostructures were first characterized using agarose gel
electrophoresis (Figure S1). Then atomic force microscopy
(AFM) and transmission electron microscopy (TEM) were
utilized for structure verification. The AFM images (Figure
1d—f) and TEM images (Figure 1g—i) showed that all of them
were correctly formed in the desired size and shape.
Interestingly, we also found that Disc structures were hardly
attached onto the TEM grid leading to poor TEM images. This
means that DNA nanostructures that are 2D planar structures
with one-layered helix thick should be better characterized via
AFM than TEM. The densely packed 3D DNA nanostructures
are fine with both AFM and TEM as we can see with Donut
nanostructures. For 3D-hollowed Sphere nanostructures, most
of them were shown as a closed sphere when verified by TEM,
while some of them were shown as an open sphere when
verified by AFM (Figure S1). This might be the fact that the
AFM tip can force the structure to be in an open state as the
structures are soft and hollow, and the staples that hold the
structure in a closed conformation are not strong enough.
Furthermore, the hydrodynamic sizes of DNA origami

https://doi.org/10.1021/acsabm.2c00114
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Figure 2. Stability of DNA origami nanostructures; (a) Disc, (b) Donut, and (c) Sphere in TAE/Mg2+ buffer at 37 °C and (d) Disc, (e) Donut,

and (f) Sphere in DMEM containing 10% FBS at 37 °C.
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Figure 3. Drug loading of DNA origami nanostructures. (a) Diagrams of Dox loading into Disc, Donut, and Sphere. (b) Comparison of
fluorescence spectra of 10 uM Dox after incubated with S nM concentration of Disc, Donut, and Sphere. Comparison of fluorescence spectra of 10
UM Dox after incubated with different concentrations of (c) Disc, (d) Donut, and (e) Sphere.

nanostructures before and after MUCI1 aptamer modification
were analyzed using dynamic light scattering (DLS). The
results showed that MUCI-modified DNA origami nanostruc-
tures have larger sizes than the unmodified ones (Figure S2).

Stability of DNA Origami Nanostructures. Next, the
stability of each DNA nanostructure after incubated in the
annealing buffer (TAE buffer containing 12.5 mM Mg**) and
cell culture media (DMEM supplemented with 10% FBS) was
investigated using agarose gel electrophoresis. The results
showed that when incubated in TAE/ Mg2+ buffer at 37 °C, not
much difference can be detected as shown in Figure 2a—c, and
all of them could stay up to 24 h without any significant
changes, consistent with the ones incubated in TAE/Mg**
buffer at room temperature (Figure S3). However, after
incubating these DNA nanostructures in culture media at 37
°C for 30 min, the mobilities of both Disc and Donut
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nanostructures in the agarose gel were changed (Figure 2d,e);
this might be the components in culture media binding to
DNA nanostructures and resulting in a gel mobility shift. In
comparison, Sphere nanostructures in closed conformation
converted into open conformation after 3 h of incubation in
the media (Figure 2f). In addition, Sphere nanostructures
completely disappeared after 12 h of incubation, whereas Disc
and Donut nanostructures were gradually degraded after 12
and 24 h, respectively. It has been obviously shown that cell
culture media can affect the stabilities of these DNA origami
nanostructures as they contain many kinds of proteins and
enzymes, especially nucleases. At room temperature, only
Sphere nanostructures can survive up to 24 h, while Donut and
Disc nanostructures changed their mobilities in agarose gel
after being incubated for 6 and 3 h, respectively (Figure S3).
However, the physiological temperature should be around at
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Figure 4. (a) Capacities of Dox loading and (b) release of these DNA origami nanostructures.

37 °C. The stability of these DNA nanostructures was also
examined in DMEM at 37 °C, and the results showed that
among three DNA origami nanostructures, Donut nanostruc-
tures exhibit the highest stability in DMEM at 37 °C. This
finding is consistent with the previous reports that the stability
of DNA nanostructures in low Mg*" solution depends on the
design of the DNA nanostructures.”®’” This is also in
agreement with previous reports that more densely packed
DNA origami nanostructures are more resistant to degrada-
tion. "%

Drug Loading and Releasing Capability of DNA
Origami Nanostructures. Drug loading is another key
requirement in designing nanovehicles for drug delivery
systems. Drugs could be loaded into DNA nanocarriers in
several ways depending on the physical and chemical
properties of drugs. Dox is widely used as a model of
chemotherapeutic agents in several DNA nanocarrier studies
since its planar structures can easily be loaded into the DNA
nanostructures via intercalation. Loading with Dox only led to
the change of gel mobility of these DNA origami
nanostructures while the structural integrity of these
nanostructures stayed the same (Figure S4). Previous studies
showed that the intercalation of Dox into DNA helices led to
the reduction of fluorescence intensity.”**” To study the Dox
loading efficiencies of these different DNA nanostructures,
DNA origami nanostructures at different concentrations were
separately incubated with the same concentration of Dox (10
uM) at 37 °C for 3 h in the dark (Figure 3a) before
fluorescence intensity measurement using an excitation
wavelength at 470 nm and an emission wavelength at 595
nm. When the fluorescence spectra of these three DNA
origami nanostructures at S nM concentration were compared,
as shown in Figure 3b, Sphere nanostructure exhibited the
highest Dox-loading efficiency while Disc nanostructures
showed the lowest Dox-loading efficiency. For all DNA
origami nanostructures, the fluorescence intensity decreased
when the concentrations of DNA nanostructures were
increased (Figure 3c—e). This trend also happens for other
concentrations of DNA origami nanostructures (Figure SS).
The reason for loading efficiencies of these DNA origami
nanostructures might be the case that Sphere contains the
highest amounts of base pairs, which is 6558 base pairs with
42.36% GC contents, while Donut and Disc contain lower
numbers of base pairs as 4785 base pairs with 40% GC
contents and 3588 base pairs with 42.97% GC contents,
respectively. Also, this result is consistent with the previous
report that Dox can be loaded into 3D DNA origami
nanostructures with hollow space inside more than 2D DNA
origami nanostructures.”
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To study the release capability of each DNA origami
nanostructure, the absorption spectrophotometry was utilized
for Dox loading capability determination using different Dox
concentrations, ranging from 62.5—500 uM, incubated with
DNA origami nanostructures (S nM). Since self-aggregation of
Dox occurred when using Dox concentration at 500 uM, the
loading capacities of these DNA origami nanostructures were
calculated using Dox concentration at 250 yM. The results
showed that, with 250 M Dox, the loading capacities of Disc,
Donut, and Sphere are 16.69 + 2.20%, 21.76 + 0.69%, and
21.97 + 2.75%, respectively. The average numbers of Dox per
each DNA origami nanostructure are 8345 for Disc, 10 880 for
Donut, and 10986 for Sphere. Interestingly, with Dox
concentration at 125 uM, the loading capacity of DNA
origami nanostructures with hollow cavities (Donut and
Sphere) was reduced. However, for a planar structure like
Disc, the loading capacity of the structure is concentration-
dependent (Figure 4a).

The releasing capacity was also investigated using the pellets
obtained from the 250 yM Dox-loading step. First, the pellets
were resuspended in TAE/Mg** buffer, and the absorbance at
480 nm was measured as the amount of Dox in the DNA
origami nanostructures at 0 min. After incubated at 37 °C in
the dark for 15 and 60 min, the released Dox was removed
using the centrifugation method. Then the pellet was
resuspended in TAE/Mg** buffer and the absorbance at 480
nm was measured as the amount of Dox in the DNA
nanostructures at 15 and 60 min. The rate of drug release of
each DNA origami nanostructure was calculated. The results
showed that Dox was burst out from DNA origami
nanostructures at the very beginning for all shapes, as shown
in Figure 4b. This phenomenon is similar to a previous result
that after pellet was resuspended into the fresh buffer, Dox
would be dramatically released out from DNA origami
nanostructures until a new equilibrium is reached.® At 15
min, Dox was released around 30%, 27%, and 35% for Disc,
Donut, and Sphere, respectively. Among these three DNA
origami nanostructures, Sphere exhibited the fastest releasing
rate, while Donut exhibited the slowest releasing rate.
Therefore, when loading and releasing abilities were
considered together, Donut could offer the highest Dox
loading capacity into targeted cells.

Cellular Internalization of MUC1 Aptamer-Modified
DNA Origami Nanostructures. To enhance the specificity
of our DNA origami nanostructures, each DNA nanostructure
was modified with five MUCI1 aptamers as shown in Scheme
la. The aptamers were designed to be conjugated at similar
positions of all three origami nanostructures. MCF-7 and
MDA-MB-231 cells were selected as models used for
specificity determination since they are breast cancer cell
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lines with different Mucin 1 protein expression levels verified
with Western blot and immunohistochemistry techniques
(Figure S6). The results confirmed that MCF-7 cells are
MUCI1-positive cells and MDA-MB-231 cells are MUCI1-
negative cells.

Then Dox-loaded DNA origami nanostructures with and
without MUC1 aptamer modification were separately treated
to both MCF-7 and MDA-MB-231 cells for an hour. Cells
were then visualized by fluorescence microscopy to determine
the cellular internalization followed Dox signals. Compared
with free Dox at 10 uM (Figure S7), the cellular uptake of
Dox-loaded DNA origami nanostructures into both cell lines
was significantly increased, even at 0.5 nM of Dox-loaded DNA
origami nanostructures. For highly expressed Mucin 1 protein,
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MCEF-7 cells, when compared the same shapes of DNA
nanostructures with and without aptamer modification, the
levels of cellular internalization into MCE-7 cells are obviously
different (Figure Sa). These results confirmed that the MUC1
aptamer modification could enhance the cellular internalization
into MCF-7 cells for all three DNA origami nanostructures.
Among these three DNA nanostructures, Donut nanostruc-
tures showed the highest cellular internalization efficiency into
MCE-7 cells both with and without aptamer modification. This
might be due to the fact that Donut is more densely packed
than the other two structures.**®" For cells with low Mucin 1
protein expression, MDA-MB-231 cells, even though DNA
origami nanostructures were internalized into cells, the levels
of cellular internalization of DNA origami nanostructures with
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and without aptamer modification were similar (Figure Sb).
This might be the fact that normally MDA-MB-231 cells can
uptake these DNA nanocarriers better than MCF-7 cells and
different geometries of the DNA nanocarriers have no effects
on the cellular uptake of MDA-MB-231 cells and MUCI1
aptamer modification did not affect the intracellular uptake of
these DNA origami nanostructures into MDA-MB-231 cells.
These results are consistent with previous studies that the
cellular uptake is not only structure-type dependent but also
cell-type dependent.***”

Cytotoxicity of MUC1 Aptamer-Modified DNA Or-
igami Nanostructures. The cytotoxicity of the empty DNA
origami nanostructures against cancer cell lines was evaluated
using the MTT assay. After incubated for 48 h, cell viability
was examined. Our results showed that they were not toxic to
cancer cells, which is consistent with previous studies that
DNA origami nanostructures are not cytotoxic both in vitro
and in vivo.””*>°%%% In addition, we also found that these
DNA origami nanostructures can enhance the cell viability of
MDA-MB-231 cells and MCF-7 cells (Figure S8), although the
effects likely depend on cell types. Next, the cell viability of
these two breast cancer cells treated with Dox-loaded DNA
origami nanostructures (at 0.5-2 nM DNA origami nano-
structures) with and without MUC1 aptamer modification was
examined using MTT assay.

Consistent with the cellular internalization results, for MCF-
7 cells, Dox-loaded DNA origami nanostructures with MUC1
aptamer modification can reduce more cell viability than Dox-
loaded DNA origami nanostructures without MUCI1 aptamer
modification in a concentration-dependent manner (Figure
6a). For Sphere nanostructures with and without MUCI
aptamer modification, the cytotoxicity effect is not significantly
increased when concentration of Dox-loaded DNA origami
nanostructures increased. Interestingly, for Disc nanostruc-
tures, MUC1 aptamer modification can significantly improve
the cytotoxicity effect when compared with the unmodified
Disc nanostructures. However, MUC1 aptamer modification
did not further improve the Dox cytotoxicity effect of Donut
nanostructures. Among three DNA origami nanocarriers, Dox-
loaded unmodified Donut nanostructures showed the highest
cytotoxicity in MCF-7 cells.

Accordingly, for MDA-MB-231 cells, Dox-loaded DNA
origami nanostructures can reduce cell viability in a
concentration-dependent manner as these DNA nanocarriers
could be internalized into cells (Figure 6b). However, no
significant difference in Dox cytotoxicity effect against MDA-
MB-231 cells could be detected between DNA origami
nanostructures with and without MUC1 aptamer modification.
Consequently, it seems like the modification of MUCI1
aptamer onto DNA origami nanostructures does not enhance
any specificity of the nanocarriers against MUCI-negative
MDA-MB-231 cells.

B CONCLUSIONS

In conclusion, the functional properties as targeted drug
delivery nanocarriers of three DNA origami nanostructures,
Disc, Donut, and Sphere, were investigated. As nanovehicles
for therapeutic agent transport inside living organisms, the
nanocarriers are required to be stable in physiological
environments. For stability, all three shaped DNA origami
nanostructures exhibited similar stability in TAE/Mg** buffer
while they exhibited different stabilities in cell culture media.
The results showed that Donut nanostructures offered the
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highest stability in DMEM supplemented with 10% FBS at 37
°C.

Although, from the fluorescence experiment, Sphere
nanostructures can offer the highest Dox loading capacity
due to the highest amounts of base pairs per structure, Donut
nanostructures could offer the highest Dox loading efficiency
when loading and release capacities were considered together.

To enhance specificity to the nanocarriers, MUC1 aptamer
specific to mucin 1 proteins was selected for DNA origami
nanostructure modification for evaluation the specificity
against two breast cancer cell lines with significantly different
levels of MUCI protein expression; MCF-7 cells represented
MUCI-positive cells and MDA-MB-231 cells represented
MUCI-negative cells. Each shape of DNA origami nanostruc-
ture was modified with MUC] aptamer at five similar positions
and utilized for specificity investigation. The cellular internal-
ization patterns of DNA origami nanostructures into MCEF-7
and MDA-MB-231 cells are different. For DNA origami
nanostructures without MUCI1 aptamer modification, Donut
nanostructures were uptake by MCF-7 cells more than Sphere
and Disc nanostructures, while all three DNA nanostructures
were similarly uptaken by MDA-MB-231 cells. With MUC1
aptamer modification, the cellular internalization of these three
DNA origami nanostructures into MCF-7 cells was signifi-
cantly enhanced when compared between the same DNA
origami nanostructures. However, no significant difference
could be observed with MDA-MB-231 cells for all DNA
origami nanostructures.

Moreover, the cytotoxicity effect of Dox-loaded DNA
origami nanostructures was evaluated. Consistent with the
cellular uptake results, DNA origami nanostructures with
MUCI1-aptamer modification could reduce cell viability of
MCEF-7 cells more than DNA origami nanostructures without
MUCI1-aptamer modification in a concentration-dependent
manner. These results confirmed that the targeting properties
of DNA nanocarriers could be improved by aptamer
modification. MTT assays showed that, among three DNA
origami nanocarriers, Dox-loaded unmodified Donut nano-
structures exerted the highest cytotoxicity in MUCI-high
MCEF-7 cells. However, similar cytotoxicity effects against
MUCI1-low MDA-MB-231 cells were observed for all shapes of
DNA origami nanostructures both with and without MUC1-
aptamer modification.

In summary, this study showed that among these three DNA
origami nanostructures, Donut nanostructures are promising
candidates for use as drug delivery vehicles due to their high
stability even in cell culture media, high Dox-loading capacity,
high cellular internalization, and high anticancer efficacy. Our
results demonstrated that functional properties of DNA
origami nanostructures as nanovehicles for drug delivery
system could be achieved by appropriate structural design.
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