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ABSTRACT: The ability to self-assemble one-dimensional DNA building

blocks into two- and three-dimensional nanostructures via DNA/RNA
nanotechnology has led to broad applications in bioimaging, basic biological
mechanism studies, disease diagnosis, and drug delivery. However, the asf
cellular uptake of most nucleic acid nanostructures is dependent on passive
delivery or the enhanced permeability and retention effect, which may not be
suitable for certain types of cancers, especially for treatment in vivo. To meet
this need, we have constructed a multifunctional aptamer-based DNA
nanoassembly (AptNA) for targeted cancer therapy. In particular, we first
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designed various Y-shaped functional DNA domains through predesigned

base pair hybridization, including targeting aptamers, intercalated anticancer drugs, and therapeutic antisense oligonucleotides.
Then these functional DNA domains were linked to an X-shaped DNA core connector, termed a building unit, through the
complementary sequences in the arms of functional domains and connector. Finally, hundreds (~100—200) of these basic
building units with 5’-modification of acrydite groups were further photo-cross-linked into a multifunctional and programmable
aptamer-based nanoassembly structure able to take advantage of facile modular design and assembly, high programmability,
excellent biostability and biocompatibility, as well as selective recognition and transportation. With these properties, AptNAs
were demonstrated to have specific cytotoxic effect against leukemia cells. Moreover, the incorporation of therapeutic antisense
oligonucleotides resulted in the inhibition of P-gp expression (a drug efflux pump to increase excretion of anticancer drugs) as
well as a decrease in drug resistance. Therefore, these multifunctional and programmable aptamer-based DNA nanoassemblies
show promise as candidates for targeted drug delivery and cancer therapy.

B INTRODUCTION

Although nanoparticle- and polymeric-nanomaterial-based
therapeutic strategies have been widely introduced into drug
delivery and cancer theranostics, challenges still remain in their
efficacy and complexity, as well as their biocompatibility."> To
develop a new generation of drug delivery platforms, the
emergence of DNA/RNA nanotechnology has allowed the
elegant self-assembly of one-dimensional nucleic acid molecules
into two- and three-dimensional nanostructures through
specific molecular recognition and programmable molecular
design, such as hydrogen bonding and z-stacking.’~'” These
3D nucleic acid nanostructures, which self-assemble by
predictable and programmable nucleic acid molecules contain-
ing different functional moieties, have attracted increasin

attention in the fields of biosensing and disease diagnosis,ls_2

especially as a potential cellular carrier for drug delivery and
disease treatment.** ' For example, a self-assembled short
interference RNA (siRNA) microsponge was produced via a
rolling circle transcription to achieve high loading capacity and
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delivery efficiency for targeted gene silencing in vivo.*>** Well-
defined, uniformly sized tetrahedral DNA nanoparticles
functionalized with siRNA or immunostimulatory CpG
oligonucleotides exhibited excellent intracellular biostability
and biocompatibility, thus facilitating the efficacy of gene
therapy and immunoregulation.>*** In addition, self-assembled
DNA tubular and triangular origami nanostructures loaded with
the anticancer drug doxorubicin circumvented the drug
resistance of cancer cells by the inhibition of lysosomal
acidification.®® In contrast to 1D DNA/RNA molecules, the
power of self-assembled 3D nucleic acid nanostructures lies in
their excellent biostability, high dru% payloads, and passive
delivery into living cells, even tumors.””*

However, self-assembled nucleic acid nanostructures pose
challenges that remain to be solved. First, most 3D nucleic acid
nanostructures enter cancer cells or tumors via passive delivery.
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While such passive delivery is satisfactory for prostate or breast
cancers with leaky vasculatures,”***** it may not be suitable for
other types of cancers, such as leukemia and lymphoma,
thereby impeding broad application in vivo.”> For active
targeting of leukemia, specific recognition ligands aimed at cell
receptors or cancer biomarkers are prerequisite for providing
enhanced, selective diagnosis and treatment.>® Second, the
complicated modification of tumor targeting ligands, including
antibodies or small molecules, into 3D nucleic acid
nanostructures has been reported. The difficulties in precisely
and programmably controlling functional ligands in 3D nucleic
acid nanostructures for clinical trials have not yet been fully
explored. Therefore, a facile approach for conjugation of
targeting ligands into nucleic acid nanostructures in a
controlled manner is still in demand. Third, the disassembly
of Watson—Crick base pairings in nucleic acid nanostructures
during cellular delivery results from the alternation of
nanostructure with in vivo environment.>® Maintaining
biostability of nucleic acid nanoassemblies is a prerequisite
for cellular drug delivery. More importantly, instead of having a
single functionality on each self-assembled nanostructure, the
ability to construct a multifunctional nucleic acid complex
capable of active recognition, efficient transportation, and
elevated therapeutics would be highly desirable. Through
complementary strategies, multifunctional and programmable
nucleic acid nanostructures will provide efficient and reliable
point-of-care platforms for rapid disease diagnosis, targeted
drug delivery, and cancer therapy.

Using a bottom-up modular approach, we report the
construction of a multifunctional and programmable aptamer-
based DNA nanoassembly (AptNA) to address these
challenges. As shown in Figure 1, multifunctional DNA
sequences, including aptamer, acrydite-modified single-stranded
DNA, and antisense oligonucleotide, are self-assembled to form
Y-shaped functional domains, which are then linked to X-
shaped connectors to create building units. Different functional
elements can be incorporated into the domains of each building
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Figure 1. Schematic illustration of the multifunctional self-assembled
nanoassembly building units and photo-cross-linked nanoassembly
structure. Multifunctional DNA sequences, including aptamers,
acrydite-modified single-stranded DNA, and antisense oligonucleo-
tides are self-assembled to form Y-shaped functional domains, which
further link via X-shaped connectors to form building units through
the complementary arm sequences. Hundreds of these basic building
units are then photo-cross-linked into a multifunctional and
programmable nanoassembly structure.

unit, including antisense oligonucleotides capable of suppress-
ing the expression of specific cellular proteins,® chemical
anticancer drugs intercalated in specific DNA base pairs,***!
and aptamers, consisting of single-stranded DNAs derived from
cell-based systematic evolution of ligands by exponential
enrichment (SELEX) for specific recognition of certain cancer
cells.*” By integrating all functional domains into one
nanoassembly system, the aptamer moieties can act as a
guidance system to target specific cancer cells. Hundreds of
these basic building units are then photo-cross-linked into
multifunctional and programmable nanoassembly structures
with controllable diameters.***>** The bulky nanoassembly
provides many sites available for high-capacity loading of
therapeutics or bioimaging agents. In addition, AptNAs show
excellent biostability in the physiological environment (pH
7.4), thus avoiding unnecessary leaking of intercalated drugs
during delivery.

B RESULTS AND DISCUSSION

Bottom-up Construction of Aptamer-Based DNA
Nanoassembly. The working principle of our multifunctional
and programmable nanoassembly structure, as shown in Figure
1, is explained in more detail as follows. First, four single-
stranded DNAs were self-assembled to form an X-shaped core
connector via predesigned base-pair hybridization (see Table 1
in the Supporting Information). Each connector had three
distinct toehold sequences, called arms, at the ends of different
branches. To achieve multiple functionalities, Y-shaped DNA
functional domains with arms complementary to those of the
connectors were designed to link with the core connector to
form a building unit. Various functional groups, for example,
targeting aptamers, intercalated anticancer drugs, and ther-
apeutic antisense oligonucleotides, were incorporated in
different domains. Thus, each nanoassembly building unit
consists of one core connector and three functional domains.
Acrydite groups were included in two of the functional domains
of each building unit based on the $’-modification of the
oligonucleotides during DNA synthesis. Consequently, the
acrydite-modified building units can be further photo-cross-
linked to form different nanostructures with controllable
diameters.”*** Because of the precise design of arm sequences
in each building unit, an accurate ratio between different
functional moieties (aptamers or antisense oligonucleotides), as
well as programmable self-assembled functional domains, can
be achieved in the entire nanoassembly.

To demonstrate the precise self-assembly of this modular
approach, polyacrylamide gel electrophoresis was used to
examine the formation of a single building unit. The smaller
mobility of functional domains was observed relative to that
consisting of ssDNA (Figure Sla). Mixed in equimolar
amounts, all three functional domains were anisotropically
and simultaneously linked to the connector with the aid of
predesigned arm sequences (Figure S1b, c). Compared to any
one of its constituent domains, the self-assembled building unit
had less mobility as a result of its collective increased molecular
weight. However, the application of photopolymerization
changed the geometry and size of these building units to
create nanoassemblies composed of many hundreds of building
units. Specifically, dynamic light scattering (DLS) revealed that
the building units with photoresponsive acrydites formed
nanostructures with an initial hydrodynamic diameter of 17 nm,
but further increasing to 218 nm after photoillumination for 10
min (Figure S2). Because of the highly efficient photo-
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polymerization, no peak corresponding to a single building unit
was observed in the DLS results, and nanoassemblies displayed
spherical structures, as confirmed by transmission electron
microscopy (TEM, Figure 2a), such that the diameter of the
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Figure 2. Characterization of aptamer-based DNA nanoassembly
structures. (a) TEM image of spherical photo-cross-linked nanostruc-
tures. Scale bar: 200 nm. (b) Size-dependent (in diameter) distribution
of nanoassemblies based on controllable concentration of building
unit.

spherical nanoassembly could be controlled by simply changing
the concentration of the building units (Figure 2b). For
example, a higher concentration of building units will induce a
smaller overall nanostructure diameter because of an elevated
ratio of polymeric units over photoinitiators. To more perfectly
control the number of building units in each nanoassembly, an
alternative cross-linking approach, dendrimerization, can be
also employed to form size and shape controllable DNA
nanostructures. Thus, this modular, photopolymerization
approach can be used to generate size-controllable nano-
assembly structures.

Selective Recognition of Target Cancer Cells by
AptNAs. The aptamer targeting domains enable the nano-
assembly to specifically recognize target cancer cells. As a proof
of concept, sgc8 aptamer, which targets CCRF-CEM (T cell
acute lymphoblastic leukemia cell line) cancer cells, but not
Ramos (B cell human Burkitt’s lymphoma), was conjugated
into one functional domain of each building unit. After photo-
cross-linking, the selective binding affinity of the sgc8-NAs was
verified by flow cytometry, which showed a 100-fold
fluorescence signal shift over library DNA-NAs for CEM cells
(Figure 3a), while no significant shift was observed for Ramos
cells treated with sgc8-NAs and library DNA-NAs (Figure 3b).
As a result of the multiple building units in the nanoassembly

=0

CCRF-CEM Ramos

Normalized Intensityc.I

Normalized Intensity

10° 10' 102 10° 10
Cy5.5

10°10' 102 10° 10%
Cy5.5

Figure 3. Specific cancer cell recognition via sgc8-NAs. Analytical flow
cytometry shows the selective binding of sgc8-modified nano-
assemblies to target CCRF-CEM cells (a), but not nontarget Ramos
cells (b). Black peak, cells only; green peak, library DNA-NAs; blue
peak, sgc8 aptamer only; red peak, sgc8-NAs.

structures, the sgc8-NAs showed an amplified fluorescence
signal intensity compared to a single sgc8 aptamer because of
signal amplification from multiple signal molecules in each
sgc8-NAs. The generality of aptamer-based nanoassemblies was
verified using a different aptamer, KK1B10, which can
specifically recognize Dox-resistant leukemia cells (K562/D),
but not control Ramos cells (Figure $3).*

The cellular trafficking of DNA-assembled nanoparticles has
been reg)orted by labeling with quantum dots or organic
dyes.***° In this study, a DNA intercalated dye, SYBR Green,
was used to stain sgc8-NAs to investigate their specific
transport into target cancer cells. A strong green fluorescence
signal was observed by confocal laser scanning microscopy
(CLSM) after incubating sgc8-NAs with CEM cells at 37 °C for
2 h (Figure 4a). However, a slightly green fluorescence signal

SYBR Green  Tf-Alexa 633 DIC

Figure 4. Confocal laser scanning microscopy images of the
colocalization of SYBR-Green-stained sgc8-NAs and Tf-Alexa 633
(endosome marker), indicating the specific internalization of sgc8-NAs
into CEM cells (a) rather than Ramos cells (b). Scale bar: 20 ym.

was also observed for Ramos cells, possibly because of the
nonspecific internalization of nanoassemblies or the leakage of
dyes into nontarget cells (Figure 4b). Previous work suggested
that the sgc8 aptamer specifically enters CEM cells through
receptor-mediated endocytosis; therefore, a colocalization assay
was used to demonstrate the final destination of sgc8-NAs in
living CEM cells. Most green fluorescence signals from SYBR-
Green-intercalated nanoassemblies were overlapped with the
red fluorescence §enerated by transferrin Alexa-633 (a marker
for endosomes),* which was not seen for Ramos cells. Thus,
this aptamer-based nanoassembly has properties of a large
nanostructure, including selective targeting and internalization,
making it a potential platform for targeted cancer therapy.
Selective Cytotoxicity of Anticancer Drug-Loaded
AptNAs. As a consequence of the large number of packed
hybridized DNA base pairs, this DNA-assembled nanostructure
is spatially well equipped for cargo loading, especially for
chemical anticancer drugs such as doxorubicin (Dox) which can
preferentially intercalate into double-stranded GC base pairs.*'
Comparing the molecular weight of a single nanoassembly
structure to that of a single building unit, it was determined
each AptNA contained 100—200 building units, and each
building unit was able to provide more than 220 Dox loading
sites. Dox fluorescence after intercalation into sgc8-NAs was
dramatically quenched with a molar ratio of 1000/1, indicating
a high loading capacity of 10 nM sgc-NAs with ~10 M Dox.
We next evaluated the release kinetics of Dox loaded in sgc8-
NAs by using a drug diffusion method with MINI Dialysis
Units. The sgc8-NAs (50 nM) with a drug payload of S0 uM
displayed less than 7% cumulative release in a physiological
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environment (pH 7.4) in contrast to rapid diffusion in acidic
solution (50—60% release) probably due to the influence of the
low pH on DNA base pair hybridization and charge effect to
Dox-DNA interaction (Figure S4). Thus, Sgc8-NAs exhibited
excellent stability with high drug payload under physiological
conditions, thus effectively preventing drug leaking while, at the
same time, facilitating drug release in an endosome-like
environment.

To investigate selective anticancer drug transport into target
cancer cells, the uptake of Dox-loaded sgc8-NAs and
distribution of intercalated drugs were studied with CEM and
Ramos cells using free Dox as a control. For free Dox, confocal
imaging results show that a strong fluorescence signal was
produced in both CEM and Ramos cells (Figure Sa, b). In

Dox DIC Overlay
Figure S. Selective cytotoxicity of Dox-loaded sgc8-NAs against
targeted cancer cells. (a—d) Confocal fluorescence imaging shows Dox
transport via Dox-loaded sgc8-NAs relative to the same concentration
of free Dox to target CEM (a and c) and nontarget Ramos cells (b and
d). CEM and Ramos cells were treated with free Dox (a and b) and
sgc8-NAs Dox complex (c and d). Scale bar: 20 ym.

contrast, the Dox fluorescence was restored by release from
sgc8-NAs in CEM cells, but not Ramos cells, indicating the
selective delivery of Dox via the aptamer-based nanoassembly
structures (Figure Sc, d). Since it has been demonstrated that
Dox oftloading from internalized sgc8-NAs is influenced by
intracellular location and the corresponding pH environment,
we believe that the transported sgc8-NAs-Dox complex first
enters cells via endocytosis, followed by residence in endo-

somes, which then, by their acidic environment, facilitate the
rapid release of loaded anticancer drugs, with Dox finally
escaping from the endosomes and further widening its
distribution in the cytoplasm, and even nucleus. The in vitro
cytotoxicity of Dox-loaded sgc8-NAs and free Dox was
evaluated by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay.
Free Dox presented dose-dependent cytotoxicity behavior in
both CEM and Ramos cells (Figure SS); however, Dox-loaded
sgc8-NAs induced an efficient and dose-dependent cytotoxicity
only in targeted CEM cells, but not nontarget Ramos cells
(Figure 6). Regarding the different dose dependent response of
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Figure 6. MTS assay was performed to assess the selective cytotoxicity
of CEM and Ramos cells treated with sgc8-NA complexes.

cancer cells to Dox, the largest cytotoxic enhancement was
evaluated to be ~3.8-fold with a payload of 0.5 uM Dox in
sgc8-NAs for CEM cells (Figure SS). In addition, sgc8-NAs
without Dox exhibited negligible cytotoxicity and more than
90% cell viability, even in a 1 yM concentration of building
units (Figure S6). These results all indicate that this aptamer-
based DNA nanoassembly system possesses potential cancer
therapeutic properties, including excellent biocompatibility and
highly selective killing efficacy to target cancer cells.
Recovery of Anticancer Drug Sensitivity in Drug-
Resistant Cancer Cells. Having established the drug loading
capability of AptNAs for targeted cancer therapy, the
functionalization of therapeutic antisense (AS) oligonucleotides
was explored to overcome the obstacle of multidrug resistance
(MDR) in chemotherapy. As a proof of concept, a Dox-loaded
and MDRI1-AS-incorporated KK1B10 aptamer-modified nano-
assembly structure was constructed to selectively kill drug-
resistant myelogenous leukemia, K562/D.*”** MDR1 antisense
oligonucleotides have been reported to specifically inhibit the
overexpression of P-glycoprotein (P-gp), a membrane glyco-
protein which acts as a drug efflux pump to increase excretion
of structurally related drugs from cells and to reduce
intracellular drug accumulation.****° Particularly, the
MDRI1-AS/KK1B10/NAs-Dox complex was cross-linked with
building units consisting of one KK1B10 aptamer and two
MDR-AS domains; thus, each nanoassembly had a highly
localized concentration of antisense oligonucleotides (~400).
After specific recognition and uptake by target drug-resistant
K562 cells, the recovery of Dox sensitivity to K562/D was
verified by MTS assay. MDR1-AS/KK1B10/NAs-Dox nano-
structures showed dose-dependent cytotoxicity and 34% cell
viability at 20 M Dox payload in K562/D cells (Figure 7), in
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Cell viability (%)

Figure 7. Selective cytotoxicity of drug-resistant K562 cells treated
with free Dox, KK1B10-AS NA-Dox, KK1B10-R NA-Dox, and sgc8-
AS NA-Dox.

contrast to ~70% metabolically active K562/D cells using 20
UM free Dox, suggesting that the antisense oligonucleotides
transported by KK1B10-NAs played a role in inhibiting P-gp
expression and decreasing drug resistance. Neither KK1B10
NAs-Dox modified with random oligonucleotides nor sgc8-NA
Dox complexes modified with MDR1 AS led to substantial
inactivity of K562/D cells, even with a 20 M Dox payload
(76% and 78%), indicating that the selective killing of drug-
resistant cancer cells was induced only by KK1B10 NAs-Dox
nanostructures modified with MDRI1-AS. The viability of
K562/D cells initiated a rapid decrease after treatment with
either 5 uM free Dox or MDR-AS KK1B10 NAs-Dox complex,
essentially because K562/D cells were induced and cultured
with a high concentration of Dox (3 #uM). The KK1B10 NAs-
Dox complexes modified with MDR1-AS provided high drug
payload capacity and the synergistic effects of combined
chemotherapy and gene therapy for target drug-resistant cancer
cells.

B CONCLUSION

Based on a modular and photo-cross-linking strategy, we have
molecularly constructed a multifunctional and programmable
aptamer nanoassembly that can be utilized for the specific
recognition and selective cytotoxicity of target cancer cells, as
well as act as a drug carrier. This aptamer-based nanoassembly
platform exhibits several remarkable features: (1) Easy modular
design, facile assembly and preparation. All the nanoassemblies
mentioned in this study are first self-assembled with basic
building blocks in a modular manner, followed by further
photopolymerization to form size-controllable nanostructures.
(2) Integrated multifunctionality. Different functional domains,
including targeting aptamers, intercalated anticancer drugs, and
therapeutic antisense oligonucleotides, enable this nano-
assembly to act as a potential platform for targeted cancer
therapy. (3) High programmability. The basic building unit
provides precise control of the ratio of functional moieties, as
well as programmable assembly of functional domains based on
the therapeutic purpose. The hybridized double-stranded DNA
configuration also allows for thousand-fold loading of
anticancer drugs or bioimaging agents in a single nanoassembly.
(4) Good biostability. Nanoassemblies exhibit enzymatic

resistance (Figure S7) and loading stability under physiological
conditions. (5) Excellent biocompatibility. The nanoassemblies
themselves show negligible cytotoxicity, while demonstrating
targeted cytotoxicity when modified with the appropriate
aptamers. Thus, our multifunctional aptamer-based nano-
assemblies will find potential applications for point-of-care
diagnosis, efficient drug transportation, and improved targeted
cancer therapeutics.

B EXPERIMENTAL SECTION

DNA Synthesis. All oligonucleotides were synthesized based on
solid-phase phosphoramidite chemistry at a 1 ymol scale using the
ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City,
CA). Acrydite was directly coupled at the 5’-end of oligonucleotides
with an extended coupling time. A ProStar HPLC (Varian, Walnut
Creek, CA) instrument with a C18 column (Econosil, S, 250 mm)
from Alltech (Deerfield, IL) was used to purify all fabricated DNA.
The collected sequences were vacuum-dried and quantified using a
Cary Bio-300 UV spectrometer (Varian, Walnut Creek, CA).

Preparation of Building Units and Nanoassembly Struc-
tures. Each basic building unit was prepared by incubating equimolar
amounts of connector, functional domain 1, functional domain 2, and
functional domain 3 at 30 °C for 1 h (10 mM Tris buffer, 15 mM
MgCl,, pH 8). The aptamer-based nanoassembly was photo-
polymerized in aqueous solution containing 0.5% MW Ciba
IRGACURE 2959 Photoinitiator Edition 2.4.98 using a portable UV
lamp (350 nm) for 10 min.

Cell Culture. CCRF-CEM (human acute lymphoblastic leukemia),
Ramos (human Burkitt’s lymphoma), and K562 (chronic myelogenous
leukemia) cell lines were purchased from ATCC (Manassas, VA). The
doxorubicin-resistant K562 cell line (K562/D) was induced and
cultured by our lab. All cells were cultured in RPMI 1640 medium
(ATCC, Manassas, VA) supplemented with 10% FBS and 100 IU/mL
penicillin-streptomycin (Cellgro, Manassas, VA).

Calculation of Building Unit Number. Polymerized NAs were
washed and concentrated using an AmiconUltra-0.5 (SOK MWKO)
concentrator (Millipore, Billerica, MA). The molecular weight of
single nanoassembly was measured by a ZetaPALS DLS detector
(Brookhaven Instruments, Holtsville, NY) at 25 °C, (2.4 + 0.8) X 107
g/mol. The molar mass of each building unit was calculated including
the modified chemical group, 1.7 X 10° g/mol. The ratio between the
molecular weight of single nanoassembly and building unit was the
estimated number of building units in polymerized NAs, ~150 + S0.

Binding Affinity Analysis. CCRF-CEM, Ramos, and K562/D
cells were grown at a concentration of 2 X 10° mL™" before the
experiments were conducted. Cells (10° mL™") were first washed with
washing buffer (500 uL) at 4 °C, followed by staining on ice with
different nanoassemblies in binding buffer (200 yL) containing 10%
FBS for 20 min. Then, cells were washed with washing buffer (S00 L)
three times and incubated with streptavidin PE-CyS.S dye solution
(100 pL) for another 20 min. Finally, washed cells were suspended in
200 pL of binding buffer for fluorescence detection on a FACScan
cytometer (Becton Dickinson Immunocytometry System, San Jose,
CA). The fluorescence was determined by counting 10 000 events, and
data were analyzed with Flowjo software.

Confocal Fluorescence Microscopy Imaging. All cellular
fluorescent images were collected on a FVS500-IX81 confocal
microscope (Olympus America Inc, Melville, NY) with a 40X oil
immersion objective (NA = 1.40, Olympus, Melville, NY). Excitation
wavelength and emission filters: Dox, 488 nm laser line excitation,
emission BP (580 + 20) nm filter; Transferrin-Alexa 633, 633 nm laser
line excitation, emission BP (670 + 20) nm filter. Cells (10° mL™")
were incubated at 37 °C with Dox or Dox-loaded nanoassembly for 2
h, followed by washing with washing buffer (1 mL) twice and
suspension in binding buffer (200 uL) before imaging. Each
experiment was analyzed with Fluoview software.

Cytotoxicity Assay. The cytotoxicity of nanoassemblies or Dox-
loaded nanoassemblies for each individual type of cell was determined
by MTS assay using a CellTiter 96 cell proliferation assay (Promega,
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Madison, WI). After seeding in 96-well plates and culturing overnight,
the cells were incubated with nanoassemblies or Dox-loaded
nanoassemblies for 2 h, washed with PBS, and then cultured with
fresh medium for future cell growth (48 h). After removing the cell
medium, CellTiter reagent (20 L) diluted in fresh medium (100 uL)
was added to each well and incubated for 1—2 h. The absorbance (490
nm) was recorded by using a plate reader (Tecan Safire microplate
reader, AG, Switzerland).

B ASSOCIATED CONTENT

© Supporting Information

Synthesized DNA sequences in this work, synthesis of acrydite
phosphoramidite, gel electrophoresis image of building unit and
connector, DLS measurement, enzymatic resistance of AptNAs,
cumulative release evaluation of Dox-loaded AptNAs, cytotox-
icity of free Dox to CEM and Ramos, and sgc8-NAs. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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