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Endogenous dual miRNA-triggered dynamic assembly of DNA
nanostructures for in-situ dual siRNA delivery

Wukun Zhong', Lei Huang', Yuhong Lin? Chao Xing’ and Chunhua Lu!"

ABSTRACT A theranostic strategy of multiple microRNA
(miRNA)-triggered in-situ delivery of small interfering RNA
(siRNA) can effectively improve the precise therapy of cancer
cells. Benefiting from the advantages of programmability,
specific molecular recognition, easy functionalization and
marked biocompatibility of DNA nanostructures, we designed
a three-dimensional (3D) DNA nano-therapeutic platform for
dual miRNA-triggered in-situ delivery of siRNA. The 3D DNA
nanostructure (TY1Y2) was constructed based on the self-as-
sembly of a DNA tetrahedra scaffold, two sets of Y-shaped
DNA (Y1 and Y2), and EpCAM-aptamer which functionalized
as the ligand molecule for the recognition of specific cancer
cells. After being specifically internalized into the targeted
cancer cells, TY1Y2 was triggered by two endogenous miRNAs
(miR-21 and miR-122), resulting in the generation of strong
fluorescence resonance energy transfer fluorescent signal for
dual miRNAs imaging. Meanwhile, the therapeutic siRNAs
(siSurvivin and siBcl2) could also be in-situ generated and
released from TY1Y2 through the strand-displacement reac-
tions for the synergistic gene therapy of cancer cells. This 3D
DNA nanostructure integrated the specific imaging of en-
dogenous biomarkers and the in-situ delivery of therapeutic
genes into the multifunctional nanoplatform, revealing the
promising applications for the diagnosis and treatment of
cancer.

Keywords: DNA tetrahedra, dynamic assembly, miRNA, in-situ
delivery, cell imaging, gene therapy

INTRODUCTION

Small interfering RNA (siRNA)-based gene therapy can effi-
ciently silence the gene of the relevant disease-causing proteins,
thus achieving the purpose of treating the disease [1-3]. Despite
the advantages of high specificity and excellent therapeutic
efficacy, siRNA has a short half-life and poor biostability,
making it difficult to reach the focal tissue site [2-4]. In addi-
tion, the non-specific delivery and uncontrollable release of
siRNA may induce side effects and systemic toxicity for normal
tissues [5,6]. Therefore, it is urgently needed to construct an
intelligent siRNA delivery system with high specific targeting
ability and in-situ controllable release capacity.

In recent years, a variety of functional nanocarriers have been
developed for the effective delivery of siRNA, including virus
carriers [7], liposomes [8], cationic polymers and inorganic
nanomaterials [9]. However, these conventional drug delivery
nanocarriers still have certain limitations, such as poor specifi-
city, potential cytotoxicity and unintended release. To com-
pensate the inherent defects of these traditional delivery
nanocarriers, DNA nanostructures with great physicochemical
properties and marked biocompatibility offer alternative strate-
gies to achieve intelligent gene delivery [5,10-14]. Currently,
many DNA nanostructure-based delivery systems have been
developed and attracted wide interests. For example, DNA tet-
rahedron is a classical three-dimensional (3D) scaffold structure
with the advantages of predictability, structural stability and
remarkable transmembrane performance. Besides, the DNA
tetrahedron modified with specific targeting ligands can sig-
nificantly improve its recognition ability and enhance the cel-
lular uptake efficiency of gene drugs, minimizing the off-target
effects for systemic toxicity [15,16]. Lin’s group [17] designed a
DNA tetrahedron modified with the AS1411 aptamer (a DNA
aptamer targeting the nucleolin receptor on the surface of cancer
cells) for specific targeted delivery of siRNA into certain cancer
cells. However, the in-vitro pre-assembled siRNA may induce
the decreased therapeutic effect of siRNA due to their unsa-
tisfied biostability and uncontrollable directional release [5,6].
Under these circumstances, many efforts have been made to
realize the stimuli-responsive release of siRNA by endogenous
substances, such as pH [18], adenosine triphosphate (ATP) [19],
reactive oxygen species (ROS) [20] and glutathione (GSH) [14].
Nevertheless, many stimulatory molecules are commonly
expressed in normal cells, and the large differences in physico-
chemical properties of DNA nanostructures also tend to reduce
the precision of siRNA delivery. Thus, it is necessary to con-
struct an intelligent nanocarrier that can specifically deliver
siRNA into certain cancer cells with high precision and realize
the controllable release of siRNA for gene therapy.

Among numerous endogenous stimuli, the abnormal expres-
sion of microRNA (miRNA) inside cells is closely related to the
occurrence and development of cancers [21-24]. Therefore, the
aberrant miRNA can act as an important kind of biomarkers for
early cancer diagnosis, and it can also be employed as an
endogenous stimulus to trigger the controllable release of ther-
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apeutic genes [23-25]. In addition, miRNA-triggered in-situ
assembly of siRNA brings more significant specificity, which
effectively reduces the accidental leakage of siRNA [26]. Despite
the advantages of miRNA-triggered gene release, single-targeted
miRNA-based stimuli-response may cause “false positive”
results [26,27]. The in-situ siRNA assembly with multi-miRNAs
as specific triggers can significantly improve the precise intra-
cellular delivery of siRNA with maximum decreased non-spe-
cific accumulation.

Herein, we developed a novel theranostic DNA nanoplatform
that enabled the specific imaging of cancer-relevant miRNAs
and in-situ siRNA assembly based on dual miRNA-triggered
“AND” gate logic operations. The DNA nanoplatform (TY1Y2)
was self-assembled by a EpCAM aptamer-functionalized DNA
tetrahedron (Apt-SDT) and two Y-shaped nucleic acid units (Y1
and Y2), in which miRNA recognition sequences and functional

siRNA sequences were allocated and recombined to construct a
pair of “two in one” Y-shaped nucleic acids (Fig. 1). The EpCAM
aptamer on TY1Y2 could specifically target and bind to the
epithelial cell adhesion molecules that are over-expressed on the
cancer cell membrane [28]. Meanwhile, Cy3 and Cy5 fluorescent
molecules were modified to achieve the miRNA-triggered spe-
cific cell imaging. After being specifically internalized by cancer
cells, the dynamic DNA strand-displacement reaction of Y-
shaped nucleic acids on TY1Y2 was initiated in the presence of
over-expressed miR-21 and miR-122, resulting in the strong
fluorescence resonance energy transfer (FRET) inside cancer
cells. Additionally, the in-situ intracellular generation of siRNAs
against Survivin and Bcl2 (siSurvivn and siBcl2, respectively)
was accomplished. It was well demonstrated that TY1Y2 enabled
specific miR-21/122-triggered cell imaging and intracellular
siRNA assembly for effective synergistic gene silencing, which
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Figure 1

(a) Schematic diagram of TY1Y2 nanostructure for specific cancer diagnosis and treatment. (b) Recovery of FRET fluorescence triggered by dual-

miRNA and the dynamic assembly process between Y1 and Y2 in the presence of miR-21 and miR-122.
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induced the apoptosis of cancer cells by down-regulating the
expression levels of Survivin and Bcl2 proteins.

EXPERIMENTAL SECTION

Materials

GelRed nucleic acid dye was purchased from Liji Biotechnology
Co., Ltd. (Shanghai, China). Acrylamide/methanediylbisacryla-
mide solution (29:1), 1x TAE (Tris-acetate-ethylene diamine
tetraacetic acid (EDTA)) buffer and 5x TBE (Tris-borate-EDTA)
buffer were purchased from Biotech Bioengineering Co., Ltd.
(Shanghai, China). All RNA and DNA sequences were synthe-
sized and purified (HPLC) by Sangon Biotechnology Co., Ltd.
(Shanghai, China), and the corresponding nucleic acid sequen-
ces were listed in Table S1. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), penicillin/streptomycin and
phosphate buffer (PBS) were obtained from Hyclone (U.S.A).
Annexin V-fluorescein isothiocyanate (FITC) apoptosis assay kit
was from Biotechnology Co., Ltd. (Shanghai, China). Anti-Sur-
vivin antibody was purchased from Abcam (UK). Anti-Bcl2
antibody was purchased from Hua’an Bio (Hangzhou, China).
Anti-actin antibody and horseradish peroxidase (HRP)-labeled
secondary antibody were purchased from Cell Signaling Tech-
nology (USA). TransZol Up Plus RNA Kit, TransScript® One-
Step gDNA Removal and cDNA Synthesis SuperMix (AT311)
and PerfectStart® Green qPCR SuperMix (AQ601) were pur-
chased from TransGen Biotech (Beijing, China). All solutions
were prepared by using ultrapure water (18.2 MQ cm resistivity,
Milli-Q, Millipore).

Characterization

The fluorescent intensity was measured by using a fluorescence
spectrophotometer (Agilent Technologies, USA). Ultraviolet-
visible (UV-vis) absorption spectra were acquired by an SH-1000
microplate reader (Hitachi, Japan). Images of gel electrophoresis
were acquired by a ChemiDocTM Touch gel imager (Bio-Rad,
USA). Hydrodynamic diameters were measured by using a
Malvern laser particle size meter (Malvern Instruments Ltd.,
UK). Atomic force microscopy (AFM) images were obtained by
a Mulit Mode 8 atomic force microscope (Bruker, Germany).
Fluorescent images were obtained by a confocal microscope
(Nikon, Japan). The apoptosis assay was determined by a
CytoFLEX flow cytometer (Beckman, USA).

Preparation of Y-shaped nucleic acids and DNA tetrahedron
Both Y-shaped nucleic acids (Y1 and Y2) and the DNA tetra-
hedron (Apt-SDT) were formed by one-step annealing self-
assembly. Y1 and Y2 were assembled by respectively mixing the
corresponding nucleic acid strands (A1, B1 and C1; A2, B2 and
C2) with equimolar concentrations in 1x TAE buffer containing
12.5 mmol L™! MgCl,. The mixtures were annealed at 95°C for
5 min, and then slowly cooled to room temperature. The Apt-
SDT was prepared by mixing S1, S2, S3-EpCAM and S4 at
equimolar concentrations in the same way.

Preparation of TY1Y2

Y1, Y2 and Apt-SDT were mixed at equimolar concentrations in
1x TAE buffer containing 12.5 mmol L™ MgCl,, and the
hybridization reaction was thermostatically performed at 25°C
for 2h to assemble TY1Y2 nanostructure. The successful
assembly of Y1, Y2, Apt-SDT and TY1Y2 was verified by 3%
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agarose gel electrophoresis, and the images were acquired by the
gel imager.

Logical response of Y-shaped nucleic acids

Y1 and Y2 were mixed with miR-21, miR-122 and miR-21/122
samples (where miR-21/122 indicated the mixture of miR-21
and miR-122 with the same concentration) at 30°C for 1 h,
respectively. The logical response behavior of Y-shaped nucleic
acids to miR-21/122 was proved by 16% polyacrylamide gel
electrophoresis (PAGE).

Fluorescence characterization

First, TY1Y2 (100 nmol L) was mixed with equimolar con-
centrations of miR-21, miR-122 and miR-21/122, respectively.
After the mixtures were incubated at 30°C for 1 h, the fluores-
cence spectra of FRET were collected (Aex = 530 nm, Aey =
550-750 nm).

Meanwhile, kinetic fluorescence tests of TY1Y2 were also
performed. TY1Y2 (100 nmol L") was mixed with equimolar
concentrations of miR-21/122, and the fluorescence change
curves were obtained (A, = 530 nm, A, = 667 nm). Then, the
response behavior of TY1Y2 in the presence of different con-
centrations of targeted miRNA was verified. TY1Y2
(100 nmol L™!) was mixed with different concentrations of miR-
21/122 (0, 10, 20, 30, 50, 75, 100 and 125 nmol L™, respectively).
After incubation at 30°C for 1h, the fluorescence intensity
spectra of FRET were collected. In addition, for demonstrating
the selectivity of TY1Y2, TY1Y2 (100 nmol L™!) was mixed with
miR-21/miR-122, miR-21/miR-122-m1 (single-base mismatch),
miR-21/miR-122-m3 (triple-base mismatch) and miR-21/miR-
155 (random sequence) at 30°C for 1h, respectively. The
fluorescence intensity spectra of FRET were recorded.

The stability characterization of TY1Y2

The stability of TY1Y2 in 10% FBS was firstly verified. TY1Y2
(250 nmol L) was incubated in 10% FBS solution at 37°C for
various time intervals (0, 4, 8, 12 and 24 h, respectively). The
concentration changes of TY1Y2 were qualitatively analyzed by
3% agarose gel electrophoresis, and the FRET fluorescence
changes of TY1Y2 were collected by fluorescence spectra. For
validating the anti-enzymatic digestion capacity of TY1Y2,
TY1Y2 (250 nmol L™!) was mixed with 0.5 U mL™! DNase I and
incubated at 37°C for 0, 15, 30, 45 and 60 min, respectively. The
stability of TY1Y2 was analyzed by 3% agarose gel electro-
phoresis. Furthermore, the stability of TY1Y2 in cell lysates was
also tested. Briefly, Huh-7 cells (1 x 10°) were digested with
trypsin and then resuspended in pre-chilled lysis buffer. The
mixture was centrifuged (12,000 r min™") at 4°C for 5 min and
the supernatant was stored at —20°C. Subsequently, Y1, Y2 and
TY1Y2 were mixed with fresh Huh-7 cell lysate and incubated at
37°C for 0, 4, 8, 12, 24 and 32 h, respectively. The appropriate
amounts of mixtures were taken for 3% agarose for gel elec-
trophoresis analysis.

Cell lines

All cell lines were purchased from ATCC. Human hepatocellular
carcinoma cell line (Huh-7 cells) was used as the target cell
model and cultured with DMEM medium (Hyclone, USA).
Human embryonic kidney cell line (HEK293T cells) and human
cervical cancer cell line (Hela cells) were used as control cell
lines and cultured with MEM medium (Hyclone, USA). Both cell
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culture media contained 10% FBS and 100 IU mL™ penicillin/
streptomycin. Cells were incubated at 37°C with 5% CO..

Confocal microscopy assay

For studying the cellular uptake of TY1Y2, Huh-7 cells (2.5 x
10°) were seeded in confocal dishes and incubated at 37°C for
24 h. Cells were washed with PBS and co-incubated with TY1Y2
(150 nmol L™!) at 37°C for 0, 4 and 6h, respectively. After
washing with PBS, FRET fluorescence signals inside the cells
were acquired by a confocal microscopy (Aex = 543 nm, Ae =
552-617 and 662-737 nm). To investigate the intracellular
imaging of different levels of miR-21 and miR-122, anti-miR-21/
122 and miR-21/122-mimics were pre-transfected into Huh-7
cells by using lipo8000 to achieve differential contents of miR-
21/122 in Huh-7 cells. Subsequently, Huh-7 cells were seeded in
confocal dishes and incubated for 24 h, and TY1Y2 was co-
incubated with Huh-7 cells at 37°C for 6 h. After washing with
PBS, FRET fluorescence images were acquired. To verify the
specific cell recognition of TY1Y2, Huh-7 cells (with high levels
of miR-21 and miR-122), Hela cells (with high level of miR-21
and low level of miR-122) and HEK293T cells (with low levels of
miR-21/122) were used to probe the specific recognition of
different cell lines. Huh-7 cells, Hela cells and HEK293T cells
were co-incubated with TY1Y2 at 37°C for 6 h, respectively, and
the FRET fluorescence images were acquired. Additionally, to
demonstrate the specific targeting ability of EpCAM aptamer-
functionalized TY1Y2, Huh-7 cells were treated with or without
EpCAM aptamer-functionalized TY1Y2 (modified Cy3 fluor-
escent motif only) at 37°C for 6 h, respectively, and confocal
fluorescence images were subsequently acquired.

Cell proliferation inhibition assay

The corresponding DNA sequences were replaced with RNA
sequences (sense or antisense sequences of siRNA), while
sequences were kept consistent and only the de-oxy-ribonu-
cleotides were changed to the corresponding ribonucleotides.
Four groups of samples for experimental test were applied:
TY1Y2 containing both siBcl2 and siSurvivin sequences (TY1Y2
(siBcl2/siSurvivin)), TY1Y2 containing only siBcl2 sequence
(TY1Y2(siBcl2)), TY1Y2 containing only siSurvivin sequence
(TY1Y2(siSurvivin)) and naked siBcl2/siSurvivin sequences.
Huh-7 cells (7 x 10%) were seeded in a 96-well plate and incu-
bated for 24 h. Then, different samples with various con-
centrations were added and co-incubated with cells at 37°C for
48 h, respectively. After washing with PBS, 10 uL of CCK-8
reagent and 90 pL of culture medium were added into each well,
and cells were incubated for another 50 min. Absorption values
at 450 nm were detected and the cell viability was calculated.

Western blot assay (WB)

Huh-7 cells (1 x 10° per well) were seeded in a 6-well plate and
incubated for 24 h. Naked siRNA, TY1Y2(siBcl2), TY1Y2
(siSurvivin) and TY1Y2(siBcl2/siSurvivin) were co-incubated
with Huh-7 cells, respectively. After 48 h incubation, cells were
lysed with cell lysis buffer containing protease inhibitor and
phosphatase inhibitor. The supernatant protein samples were
collected by centrifugation at 4°C, and the total protein con-
centration was quantified using the BCA Protein Quantification
Kit. Subsequently, proteins were separated by using sodiumdo-
decyl sulfate (SDS)-polyacrylamide gels. After transferring the
band to polyvinylidene fluoride (PVDF) membranes, PVDF
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membranes were blocked with 5% skim milk solution for 2 h.
Then, corresponding specific antibodies (anti-Survivin, anti-Bcl2
and anti-Actin antibodies) were added separately and incubated
at 4°C overnight. The PVDF membranes were washed three
times with 1x TBST (TBS + Tween) buffer. HRP-labeled sec-
ondary antibody was added and incubated at room temperature
for another 1.5h. Finally, the membranes were washed three
times with 1x TBST, and the expression levels of Survivin and
Bcl2 were imaged and analyzed by using a chemiluminescence
system.

Annexin V-FITC/propidine iodide (PI) apoptosis analysis

Huh-7 cells (1 x 10° per well) were seeded in a 6-well plate and
incubated at 37°C for 24 h. Naked siRNA, TY1Y2(siBcl2),
TY1Y2(siSurvivin) and TY1Y2(siBcl2/siSurvivin) were co-incu-
bated with Huh-7 cells for 48 h, respectively. After washing with
PBS, cells were digested with trypsin, followed by staining with
Annexin V-FITC/PI apoptosis detection kit. The apoptosis
results were analyzed by flow cytometry.

Quantitative reverse transcriptase polymerase chain reaction
(qQRT-PCR) experiment

The expression levels of miR-21 and miR-122 in different cell
lines were measured by qRT-PCR analysis. Briefly, the total
cellular RNA was extracted by TransZol Up plus RNA kit
according to the manufacture’s protocol. Then, the corre-
sponding cDNAs were synthesized through TransScript® One-
Step gDNA Removal and ¢cDNA Synthesis SuperMix (AT311)
according to the instruction. cDNA was diluted five times and q-
PCR analysis was performed by PerfectStart® Green qPCR
SuperMix (AQ601). The total reaction volume was 20 pL,
including 2uL ¢DNA template, 0.4 pL forward primer
(10 pmol L™"), 0.4 uL reverse primer (10 pmol L), 0.4 uL Dye I
(50%), 10 puL PerfectStart® Green qPCR SuperMix (2x) and
6.8 UL Nuclease-free Water. U6 was used as the endogenous
control gene. The reaction mixture was heated at 94°C for 30 s,
followed by 40 cycles of 94°C for 5 s and then 60°C for 30 s. The
related primer sequences were listed in Table S2, and the relative
expression levels of miRNAs were calculated by using 244¢T
method.

RESULTS AND DISCUSSION

Construction of TY1Y2

TY1Y2 consisted of an EpCAM aptamer-functionalized DNA
tetrahedral scaffold (Apt-SDT) and two Y-shaped nucleic acid
units (Y1 and Y2) (Fig. 1). Y1 was assembled by A1, Bl and C1
single-stranded nucleic acids, and Y2 was assembled by A2, B2
and C2 single-stranded nucleic acids, respectively. The antisense
and sense sequences of siBcl2 were inserted into B2 (yellow
domain) and Al (yellow domain), and the sense and antisense
sequences of siSurvivin were designed in Bl (red domain) and
A2 (red domain), respectively. Owing to the specific recognition
of EpCAM aptamer, TY1Y2 could be effectively internalized into
cancer cells with the over-expression level of the epithelial cell
adhesion molecule, which subsequently realized the endogenous
miRNA-triggered cell imaging and gene therapy. Briefly, in the
presence of both miR-21 and miR-122, Y1 and Y2 were dis-
assembled simultaneously, inducing the reassignment and for-
mation of miR-21/A1/B2 (containing the siBcl2 duplex motif)
and miR-122/A2/B1 (containing the siSurvivin duplex motif)
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through toehold-mediated strand-displacement reaction. As a
result, the double-strand complexes containing siBcl2 and
siSurvivin were in-situ generated inside cancer cells, and this
process could be monitored through fluorescence changes via
the fluorophore modification. The released siSurvivin and siBcl2
from TY1Y2 induced synergistic gene therapy and inhibited the
proliferation of cancer cells.

Preparation and characterization of TY1Y2

Y1, Y2 and Apt-SDT were firstly prepared by the one-step
annealing method and characterized by agarose electrophoresis
analysis. As shown in Figs S1 and S2, the migration rates were
slower with the addition of various single strands, which indi-
cated the successful assembly of Y1 (Fig. S1, lane 7 on the left),
Y2 (Fig. S1, lane 7 on the right) and Apt-SDT (Fig. S2, lane 7).
On this basis, Y1 and Y2 were then hybridized to the two ver-
tices of Apt-SDT to assemble TY1Y2. Fig. S3 shows that the
bands migrated gradually slower with the addition of Y1 and Y2,
suggesting the successful construction of TY1Y2 (lane 6). The
hydrodynamic diameters of Apt-SDT and the prepared TY1Y2
measured by dynamic light scattering (DLS) analysis were about
10 and 16 nm, respectively (Fig. S4). In addition, AFM images in
Fig. S5 revealed the tetrahedral structures of DNA tetrahedron
and TY1Y2. These results demonstrated the successful con-
struction of TY1Y2.

Logic-responsive assembly of TY1Y2 in the presence of miR-21/
122

To investigate the specific intracellular miRNA-triggered
response of TY1Y2, PAGE analysis was firstly used to analyze
the strand-displacement reaction between Y1 and Y2 that trig-
gered by miR-21 and miR-122. As shown in Fig. S6, after the

progressive addition of miR-21 and miR-122, the bands of Y1
and Y2 gradual disappeared (lane 5, lane 4 and lane 3, respec-
tively) and the miR-21/A1/B2 and miR-122/A2/B1 duplex
structures appeared (lane 2), which indicated the desired strand
displacement between Y1 and Y2 in the presence of both miR-21
and miR-122. For further demonstrating the stimuli-responsive
property of TY1Y2, Cy5 and Cy3 were labelled on Al and B2,
respectively, and the fluorescence spectrum was acquired to
validate the responsive assembly process of TY1Y2. In the pre-
sence of both miR-21 and miR-122, the Al and B2 on TY1Y2
were triggered and formed the stable double-strand complexes.
Thus, Cy5 and Cy3 were in close proximity to each other, and
the FRET signal occurred. Fig. 2a, b reveal that TY1Y2 exhibited
an appreciable FRET signal under miR-21 and miR-122 co-sti-
mulation, and a nearly 6-fold higher signal could be seen com-
pared with TY1Y2 without miR-21/miR-122 treatment. In
addition, fluorescent kinetic testing demonstrated that TY1Y2
could achieve a logical response for miR-21 and miR-122 within
minutes (Fig. S7). This was due to the fact that with the addition
of dual toehold on Y1 and Y2, TY1Y2 could be rapidly triggered
by the corresponding miRNA, which induced the effective
strand-displacement reaction and the re-assembly. Therefore, it
is deduced that TY1Y2 can be applied for the specific detection
and imaging of intracellular miRNAs and the in-situ stimuli-
responsive gene release for cancer treatment under miR-21 and
miR-122 co-stimulation.

As a diagnostic nanodevice, TY1Y2 needs to be significantly
responsive to different concentrations of targets. Fig. 2c shows
that TY1Y2 revealed noticeable miRNA-responsive fluorescence
changes in a concentration-dependent manner within the range
of 10-125 nmol L™". Then, to demonstrate the selective behavior
of TY1Y2 for specific miRNA response, random miR-155
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sequence, miR-122 single-base and triple-base mismatch
sequences were chosen for verification. As shown in Fig. 2d, only
the exact matching sequences of miR-21 and miR-122 could
trigger the re-assembly of TY1Y2 and generate the FRET
fluorescent signal. These results suggest that TY1Y2 could
achieve the dual-specific recognition of the endogenous miR-21
and miR-122, which provides a promising opportunity for
intracellular in-situ cell imaging and gene therapy.

Analysis of the stability of TY1Y2

The biological stability of nanomaterials is a prerequisite for
applications in biological and biomedical research. Therefore,
the biostability of TY1Y2 in complex physiological environ-
ments was investigated. Fig. 2e-g show that TY1Y2 was stable
enough in both DNase I, 10% FBS and cell lysate. Meanwhile, it
was noted that the free Y-shaped nucleic acid structure was also
resistant to DNase I and FBS because of its structural rigidity.
However, it is susceptible to degradation in the cell lysate.
Besides, the fluorescence change of TY1Y2 in 10% FBS solution
was also tested. As shown in Fig. S8, no significant fluorescence
change of TY1Y2 could be seen after being treated with 10%
FBS, further demonstrating the biostability of TY1Y2. Therefore,
it is deduced that owing to the rigid structure of the tetrahedral
scaffold and the Y-shaped nucleic acid structure, TY1Y2 pos-
sesses great biostability to be the nanocarrier for biological
applications in living cells.

Analysis of the specific cell recognition and imaging of TY1Y2

To investigate the effective cell uptake of TY1Y2, Huh-7 cells
with both high expression levels of miR-21 and miR-122 were
employed as the experimental model, and TY1Y2 was co-incu-
bated with Huh-7 cells for various time intervals. Fig. S9 shows
that the fluorescence of Cy5 was gradually enhanced with the
extended incubation time of TY1Y2, indicating the significant
occurrence of FRET effect in the presence of miR-21 and miR-
122 inside Huh-7 cells. For further confirming the successful
FRET process, acceptor Cy5 was photobleached under the high-
power laser irradiation, which resulted in the complete
quenching of FRET-induced fluorescence signal and the

miR-21/122
mimics

Control

anti-
miR-21/122

enhancement of Cy3 fluorescence (Fig. S10). Therefore, it
demonstrated that TY1Y2 could be progressively internalized by
Huh-7 cells as the incubation time increased, and TY1Y2 could
be effectively stimulated to respond to miR-21 and miR-122 that
specifically over-expressed in cancer cells, resulting in the output
of FRET fluorescence.

As is known that aptamers are single-stranded oligonucleo-
tides, which can specifically bind to receptors over-expressed on
the cancer cell surface to enhance the delivery efficiency and
reduce off-target effects of nanocarriers. Therefore, the specific
targeting ability of TY1Y2 was investigated. Fig. S11 shows that
the fluorescence intensity of Huh-7 cells after being treated with
TY1Y2 with EpCAM aptamer modification was significantly
higher than that without aptamer modification, which suggested
the improved cellular uptake efficiency of TY1Y2 in the presence
of EpCAM aptamer. In addition, compared with the obvious
strong fluorescent signal in Huh-7 cells, negligible fluorescence
could be seen inside HEK293T cells after being incubated with
EpCAM aptamer-modified TY1Y2, demonstrating the binding
affinity of TY1Y2 against cancer cells (Fig. S12).

Superior diagnostic devices need to output different response
signals to cells that expressing differential miRNA levels, which
is necessary for the precise diagnosis and treatment of cancer. To
evaluate the identification behavior of TY1Y2 for different levels
of miRNAs in cancer cells, the miR-21 and miR-122 expression
levels in Huh-7 cells were up-regulated and down-regulated by
the transfection of miR-21/122 with sense strands mimics and
antisense strands mimics, respectively. As shown in Fig. 3,
compared with the untreated Huh-7 cells, cells with up-regu-
lated miR-21/122 expression yielded stronger FRET signal, while
cells with down-regulated miR-21/122 level presented weaker
FRET change. These results indicated that TY1Y2 could distin-
guish live cells with differential miRNA levels.

Subsequently, whether TY1Y2 could differentiate different cell
types with different expressions of miR-21 and miR-122 was also
verified. Hela cells with high expression of miR-21 and negative
miR-122 expression, and HEK293T cells with low expression of
both miR-21/122 were also used as cell models, respectively [29-
31]. Fig. 4 reveals that only Huh-7 cells exhibited a significant

Bright-Field Merge

Figure 3 Recognition and imaging behavior of TY1Y2 for Huh-7 cells with different miR-21/122 levels. Huh-7 cells were pretreated with anti-miR-21/122
and miR-21/122 mimics, respectively. The excitation wavelength was 543 nm. The emission wavelengths of Cy3 and Cy5 were 552-617 nm and 662-737 nm,

respectively. Scale bar: 20 pm.
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Figure 4 CLSM images of Huh-7 cells, Hela cells and HEK293T cells after being treated with TY1Y2, respectively. The excitation wavelength was 543 nm.
The emission wavelengths of Cy3 and Cy5 were 552-617 nm and 662-737 nm, respectively. Scale bars: 20 pm.

FRET signal. In contrast, the corresponding imaging signal was
fragile in both Hela cells and HEK293T cells, which were con-
sistent with the relative miRNA expression levels in different cell
lines that analyzed by qRT-PCR (Fig. S13). These results
demonstrated that TY1Y2 could identify and image cancer cells
with high miR-21/122 expression and effectively differentiate
different cancer cell lines.

In-vitro gene therapy effect

Based on the above experimental studies, TY1Y2 enables both
detection and imaging of dual miR-21/122 inside and outside the
cells. Thus, it is reasonable to infer that TY1Y2 could realize the
in-situ generation and release of therapeutic genes by miRNA-
responsive strand-displacement reaction in living cells. Prior to
investigating the in-vitro gene therapy for cancer cells, the bio-
compatibility of TY1Y2 was first evaluated. The therapeutic
siRNA sequences were replaced with the corresponding DNA
sequences. As shown in Fig. S14, negligible cell death was
observed after cells were co-incubated with TY1Y2 for different
times, which suggested the great biocompatibility of the con-
structed DNA nanoplatform as a drug delivery carrier for the
subsequent gene therapy.

Survivin is important for inhibiting apoptosis of cancer cells,
which block the activation of the Caspase-dependent signaling
pathway by inhibiting the release of cytochrome C from mito-
chondria [32,33]. Bcl2 is a kind of anti-apoptotic protein that
can bind to the pro-apoptotic proteins (BOX and BAD), thus
exerting an apoptosis-inhibiting function [34]. Therefore,
siSurvivin and siBcl2 were simultaneously used as the two
therapeutic genes to realize the synergetic gene therapy in this
study. It should be noted that when designing the therapeutic
platform for in-situ delivery of siRNA, we replaced the corre-
sponding sequences to the RNA sequences, which denoted as
TY1Y2(siBcl2/siSurvivin). Subsequently, cytotoxicity by CCK8
assay was studied to evaluate the proliferation inhibition of
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TY1Y2(siBcl2/siSurvivin). To verify the synergetic gene therapy,
TY1Y2 with only siSurvivin or siBcl2 sequence (TY1Y2(siSur-
vivin) or TY1Y2(siBcl2)) was employed for comparison. After
treatment with different concentrations of the therapeutic plat-
form, the cell proliferation of Huh-7 cells was inhibited in a
concentration-dependent manner, while naked siRNA-treated
cells showed undesired cell proliferation inhibition (Fig. 5a). It
demonstrated that the therapeutic platform could effectively
deliver the therapeutic siRNA into targeted cancer cells with
high stability compared with the naked siRNA. Additionally,
simultaneous delivery of higher concentrations of siBcl2 and
siSurvivin had a more pronounced inhibitory effect on cancer
cell proliferation, which is attributed to the synergistic gene
silencing of the siBcl2 and siSurvivin. Similar results could also
be detected by flow cytometry apoptosis analysis (Fig. 5b).
Next, WB was employed to investigate whether TY1Y2(siBcl2/
siSurvivin) can down-regulate the related proteins in cancer
cells. Fig. 5¢ shows that the therapeutic platform with different
siRNA modifications could effectively regulate the correspond-
ing protein expressions in Huh-7 cells. Among them, TY1Y2
(siBcl2/siSurvivin) effectively down-regulated the expression
levels of Bcl2 protein and Survivin protein (lane 5). Meanwhile,
TY1Y2(siBcl2) also affected the expression levels of Survivin
protein in small amounts (lane3). This is due to the fact that
both Survivin and Bcl2 genes are associated with signaling
pathways related to cell proliferation and play essential roles in
the proliferation of cancer cells. Bcl2 protein over-expressed in
cancer cells effectively inhibits the activation of Caspase-3 for
cell apoptosis. When Bcl2 protein is down-regulated, the pro-
apoptotic proteins BOX and BAD were activated, which pro-
moted the activation of caspase-dependent signaling pathway
and affected the function of Survivin. These results demon-
strated that TY1Y2(siBcl2/siSurvivin) could release siSurvivin
and siBcl2 in-situ in the presence of miR-21 and miR-122, thus
silencing the expression levels of apoptosis-related proteins and
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Figure 5 (a) Cell viabilities of Huh-7 cells after incubation with the naked s
respectively. (b) Apoptosis of Huh-7 cells after incubation with the naked si

iRNA, TY1Y2 (siBcl2), TY1Y2 (siSurvivin) and TY1Y2 (siBcl2/siSurvivin),
RNA, TY1Y2 (siBcl2), TY1Y2 (siSurvivin) and TY1Y2 (siBcl2/siSurvivin),

respectively, and analyzed by flow cytometry. (c) WB analysis of the expressions of Survivin and Bcl2 in Huh-7 cells after different treatments. (d) Cytotoxicity

analysis of the therapeutic effect of DOX-embedded TY1Y2(siBcl2/siSurvivin).

performing the synergistic gene therapy against cancer cells.

Therapeutic effect of TY1Y2(siBcl2/siSurvivin) combined with
chemotherapy and gene therapy

Generally, gene silencing can down-regulate the expression
levels of related proteins. However, the down-regulation of
protein level is transient and the expression level starts to
recover after 48 h of action. Therefore, gene therapy combined
with other therapeutic methods, such as chemotherapy, often
leads to better cancer treatment results. Decreasing the expres-
sion level of oncogenic proteins can significantly reduce the
resistance of cancer cells, and thus improve the therapeutic
effects of chemotherapeutic drugs. To further explore the effect
of TY1Y2(siBcl2/siSurvivin) on oncoprotein silencing, doxor-
ubicin (DOX) was used as the chemotherapeutic agent and
embedded in the GC base pairs of TY1Y2(siBcl2/siSurvivin).
Fig. 5d shows that TY1Y2(siBcl2/siSurvivin) combined with
siBcl2/siSurvivin and DOX caused apparent cell death of Huh-7
cells, which proved that TY1Y2(siBcl2/siSurvivin) could sig-
nificantly enhance the therapeutic effect of chemotherapeutic
drugs by down-regulating the expression levels of Survivin and
Bcl2 proteins.

CONCLUSIONS

In summary, we constructed a 3D DNA nano-therapeutic plat-
form with great biostability and biocompatibility for dual miR-
NA-triggered intracellular imaging and in-situ delivery of
siRNAs. The intra/extracellular research results showed that
TY1Y2 could specifically respond to the co-stimulation of miR-
2land miR-122. In addition, the modification of EpCAM-apta-
mer enhanced the specific targeting ability and uptake efficiency
of TY1Y2, which finally promoted the effective synergistic gene
silencing by in-situ assembly of siSurvivin and siBcl2 in the
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presence of miR-21 and 122 that are over-expressed in certain
cancer cells. Moreover, based on the programmability of nucleic
acids and the principle of base complementary pairing, the
theranostic TY1Y2 can be used for the identification and specific
response of other kinds of biomarkers only by a simple repla-
cement of the corresponding miRNA recognition sequences and
siRNA sequences. Benefiting from the great designability, ver-
satility, specificity and biocompatibility of the 3D DNA nanos-
tructure, more programmable nano-diagnosis and treatment
platforms can be designed to respond to the specific endogenous
biomarkers, which represent a promising opportunity for the
precious cancer therapy.
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