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Abstract The functionality of DNA biomacromolecules has been widely excavated, as therapeutic

drugs, carriers, and functionalized modification derivatives. In this study, we developed a series of

DNA tetrahedron nanocages (Td), via synchronous conjugating different numbers of i-(X) and therapeu-

tic siRNA on four vertexes of tetrahedral DNA nanocage (aX-Td@bsiRNA, aþb Z 4). This i-motif-con-

jugated Td exhibited good endosomal escape behaviours in A549 tumor cells, and the escape efficiency

was affected by the number of i-motif. Furthermore, the downregulating mRNA and protein expression

level of epidermal growth factor receptor (EGFR) caused by this siRNA embedded Td were verified in

A549 cells. The tumor growth inhibition efficiency of the 2X-Td@2siRNA treated group in tumor-

bearing mice was significantly higher than that of non-i-motif-conjugated Td@2siRNA (3.14-fold) and

free siRNA (3.63-fold). These results demonstrate a general strategy for endowing DNA nanostructures

with endosomal escape behaviours to achieve effective in vivo gene delivery and therapy.
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1. Introduction

As well known, DNA nanostructures, such as intermolecular
triplex DNA, t-switch, DNA tweezers, A-motif, and i-motif are
prone to pH-sensitive charge-reversal1. Among them, i-motif is a
quadruple DNA structure formed by cytosine-rich ssDNA se-
quences2,3. It can transform its structure in response to the change
of pH value4,5, which will contribute to its structural assembly and
disassembly. Typically, i-motif can assemble into a quadruple
DNA structure in acid and relapse into a linear structure in a
neutral or slightly alkaline environment6,7. Specifically, the i-motif
exists as a linear DNA structure at physiological pH (pH 7.4). But
when the environment turns acidic (pH < 5.0), part of cytosine in
the cytosine-rich DNA strand can bind with Hþ to form Cþ. Cþ

can be paired with unprotonated C to form C:Cþ, which can form
a four-stranded quadruplex structure8,9. At this time, the force
between C:Cþ is stronger than GeC. Meanwhile, as the pH value
reaches a low enough level, all cytosines would be protonated by a
large amount of Hþ. Due to their keen tunability to pH value
changes, several reported drug release systems composed of i-
motif was demonstrated to release the cargo in response to pH
shifts10. Although i-motif nanostructures had shown satisfactory
advantages during the delivery of chemotherapy drug11e13, no
research reports on their application in delivering bio-
macromolecules can be found, such as nucleic acid drugs.

Recently, DNA folding nanostructures had abstracted more and
more concern, as biocompatible nanosized delivery system14,15.
DNA nanocage demonstrates substantial advantages including
high mechanical rigidity16,17, structural stability18,19, and trans-
fection efficiency20, as well as low toxicity and immunogenicity21.
Other organic nanomaterials such as lipid nanoparticles and
polymers also have excellent transfection ability, but their positive
charge will cause cytotoxicity and the formation of “protein
corona” which will accelerate elimination in vivo22. Inorganic
materials like gold nanoparticles and silica can easily accumulate
in the liver and kidney because of their chemical stability while it
is hard for them to be degraded in vivo. Therefore, compared with
these materials, DNA nanocage possesses better biocompati-
bility22. It is worth mentioning that DNA nanocage possessed the
intrinsic homology with therapeutic siRNA23,24, CpG25, and other
nucleic acids26, which facilitated a load of nucleic acids through
the design of DNA strands’ sequence. The most important is DNA
nanocages can be taken up into cells without transfection reagents.
There have been several studies reported that proteins7 and nucleic
acids26 can be loaded in DNA nanocages by far. However, nucleic
acids, like siRNA have to be delivered to the cytoplasm or nucleus
to exert therapeutic effects22,27. In other words, lysosomal escape
is one of the key processes for the intracellular disposal of nucleic
acid drugs28,29. Though successful delivery of siRNA by DNA
nanoparticles had been demonstrated in tumor-bearing mice23,24,
there were no reports focusing on the endosomal escape behaviors
achieved by the structural modification of DNA nanocage.

The mechanisms of endosomal escape includes29,30: (1) pore
formation in the endosomal membrane. Some components like
peptides with a high affinity can make the pores in the endosomal
membrane. But the dimensions of pores are w1e2 nm, which
generally limits the efficient release of therapeutic cargo. (2)
Proton Sponge Effect and Osmotic Lysis31. The proton sponge
effect depends on agents with a high buffering capacity. When
these buffers are protonated, the ion balance will be broken,
resulting in high osmotic pressure in lysosomes. This can trigger
an extensive inflow of ions and water into the endosomes, which
leads to the rupture of the endosomal membrane and the release of
the entrapped components. (3) fusion in the endosomal membrane,
which utilizes fusogenic peptides to release the cargo. In general,
virus or bacteria-derived agents, liposomes, polycationic materials
(like PEI and poly (amidoamine) (PAMAM) dendrimers), and
peptides are used to induce lysosomal escape32. They have po-
tential toxicity, especially viral or bacterial derived agents and
polycationic materials33e36. And the pores caused by peptides are
always too small to allow nucleic acids to pass. Therefore, we plan
to take advantage of i-motif as a modification onto DNA nanoc-
ages. It was supposed that i-motif can consume Hþ in the acidic
environment after intracellular uptake and being captured by ly-
sosomes. Therefore, it can achieve the proton sponge effect with
high osmotic pressure and swelling in lysosomes, resulting in an
endosomal escape.

In this study, we developed a series of DNA tetrahedron
nanocages (Td), through programmable self-assembly of com-
plementary DNA strands containing different numbers of i-motif
DNA structure and therapeutic siRNA, to facilitate the endosomal
escape of siRNA after intracellular uptake. As shown in Scheme 1,
the selected i-motif DNA structure is consisted of two oligonu-
cleotide strands named Y0 and Y, while Y0 contains four stretches
of cytosine rich residues (CCC) and Y is a sequence that is
perfectly complementary to Y0. Under the acidic conditions of pH
5.0, the double chains (Yand Y0) will be unwrapped, and Y will be
released. Then, the protonated C of Y0 can combine with the
unprotonated C to gain a nonclassical base pair (C:Cþ base pair),
called C-quadruple helix (i-motif). Thus, we supposed that after
intracellular uptake into tumor cells, the i-motif-conjugated Td
could cause internalization of Hþ and Cl‒ into endosomes which
makes endosomes swell and crack into fragments. Furthermore,
the anti-tumor therapeutic siRNAwere simultaneously conjugated
on the remaining vertexes of Td to gain these nanostructures (aX-
Td@bsiRNA, aþb Z 4). Once the endosomes cracked, the aX-
Td@bsiRNA nanostructures would successfully escape from
endosomes and get distributed in the cytoplasm. Meanwhile, the
Dicer enzyme would efficiently cleave the double-stranded siRNA
into the therapeutic segment and let them release to generate gene
silence.
2. Materials and methods

2.1. Chemicals and materials

All specific sequences for assembly of Tds are shown in Sup-
porting Information Table S1. All the DNA and RNA sequences
were synthesized by Takara Bio, Inc. (Dalian, China). DNA se-
quences were designed by computer program RNA STRUCTURE
5.7. Agarose (biochemical grade) was bought from Sinopharm
Chemical Reagent Co., Ltd. Gel red, DNase I, and RNase A were
obtained from the KeyGEN Institute of Biotechnology (Jiangsu,
China). Lyso-Tracker Green, 4% paraformaldehyde, and DAPI
were purchased from Beyotime Biotechnology. 5-Diphenyl-2-H-
tetrazolium bromide (MTT, SigmaeAldrich, USA) were used as
received. Lipofectamine�3000 (lipo3000) was obtained from
Invitrogen. Polyvinylidene difluoride (PVDF) membranes and the
enhanced chemiluminescence (ECL) reagents were obtained from
Millipore (USA). The primary antibodies used in this study were
rabbit anti-EGFR (Abways, Shanghai, China) and rabbit anti-b-
actin (Abways, Shanghai, China). Horseradish peroxidase-
conjugated AffiniPure goat anti-rabbit IgG secondary antibody



Scheme 1 Schematic illustration of the process of siRNA-loaded DNA tetrahedron nanocages with endosomal escape function interfering

EGFR gene and protein expression level in tumor cells.
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was bought from Abways Technology (Shanghai, China). SYBR�
Premix Ex Taq™ II was purchased from Takara Bio, Inc. (Dalian,
China). All of the other chemicals and reagents were analytic
grade and used without further purification.

2.2. Preparation of aX-Td@bsiRNA

Briefly, aX-Td@bsiRNAwas assembled by mixing A1, B1, C1, D1,
X, antisense, sense (or sense-Cy5) sequences at specific molar
concentrations in TM buffer (10 mmol/L Tris-HCl, 5 mmol/L
MgCl2, pH 8.0). Then, seven oligonucleotides were annealed by
heating the mixture to 95 �C for 8 min and then cooled to 4 �C for
20 min by PCR machine (Eppendrof, Mastercylenexus GSX1,
Germany). This i-motif-conjugated Td (aX-Td) was obtained
under the same conditions using A1 (or A), B1 (or B), C1 (or C), D
(or D-Cy5) and X at specific molar concentrations.

2.3. Agarose gel electrophoresis (AGE)

The assembled structures were verified on 2% agarose gel elec-
trophoresis in TBE buffer (0.045 mol/L Tris-boric acid, 0.001
mol/L EDTA, pH 8.3). Gels stained with Gel red were run with
100 V at room temperature for 1 h. After that, the images were
finally visualized using ChemiDoc XRSþ™ System with Image
Lab Software (BIO-RAD, USA).

2.4. Circular dichroism (CD) spectra

The CD spectra of 2X-Td@2siRNA and single strands of 2X-
Td@2siRNA at 0.3 mmol/L were measured at 25 �C in TM buffer
(10 mmol/L Tris-HCl, 5 mmol/L MgCl2, pH 8.0) scanning from
200 to 400 nm using a JASCO J810 CD spectrometer. The TM
buffer was used to automatically correct the baseline throughout
the entire experiment.
2.5. Atomic force microscopy (AFM) imaging

The 30 mL of each sample (0.4 mmol/L) in an aqueous buffer was
dispersed onto the surface of mica, and then dried with com-
pressed air for 24 h. Then, samples were fulfilled by means of the
tapping mode using the atomic force microscopy (Nano Scope
IIIa, Veeco, USA).

2.6. Transmission electron microscopy (TEM) imaging

Here, Td (3 mmol/L) and aX-Td@bsiRNA (3 mmol/L) were
dispersed onto holey carbon film on copper grids and analyzed by
TEM (H-600, Hitachi, Japan) after being stained negatively with
phosphotungstic acid (2%).

2.7. Dynamic light scattering (DLS)

The hydrodynamic sizes and zeta potentials of Td,
X-Td@3siRNA, 2X-Td@2siRNA, 3X-Td@siRNA (1.7 mmol/L)
at pH 5.5 and 7.4 were measured by Dynamic Light Scattering
(DLS) Analyzer (Zetasizer Nano-ZS 90, Malvern Instruments,
UK).

2.8. In vitro stability of 2X-Td@2siRNA

For the stability test, 2X-Td@2siRNA solutions (0.4 mmol/L),
free siRNA (0.4 mmol/L), single strands of 2X-Td@2siRNA
(0.4 mmol/L) were incubated at 37 �C with 75% inactivated fetal
bovine serum (FBS, Gibco, USA) and nuclease solution (100U
DNase I and 5 mg/mL RNase A) at pre-determined time intervals,
respectively. Then the results were probed by 2% Agarose Gel
Electrophoresis. Besides, 2X-Td@2siRNA was placed evenly in
1.5 mL of centrifugation tubes containing pH 5.5 and pH 7.4 PBS
solution, respectively. Both tubes were incubated under 37 �C, and
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the size changes of 2X-Td@2siRNA were measured by DLS at
pre-determined time points.

2.9. Cell lines and cell culture

The non-small cell lung cancer cell line (A549) was reported to
overexpress EGFR37. A549 cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 media (Gibco, USA) (pH
7.2�0.2) containing 10% fetal bovine serum (FBS), penicillin (50
UI/mL) and streptomycin (50 UI/mL) at 37 �C in a humidified
atmosphere with 5% CO2.

2.10. Cell viability assays

To detect the cytotoxicity of aX-Td, A549 cells were cultured in
96-well plates at a density of 2500 cells/well. After being cultured
for 24 h, cells were treated with different concentrations of aX-Td
for 48 h. Subsequently, the cells were incubated with 20 mL of
methyl thiazolyl tetrazolium (0.5 mg/mL) for 4 h. Then, DMSO
was added to dissolve the crystallizations. The absorbance at
570 nm was determined.

2.11. In vitro cellular uptake study

To evaluate cellular uptake of aX-Td, flow cytometry was used.
A549 cells were seeded into 24-well plates at a density of
2 � 104 cells/well cultured with RPMI 1640 complete media for
24 h. After which, complete media was removed and 200 mL aX-
Td resuspended in serum-free media were added. After 4 h in-
cubation, cells were rinsed with cold PBS twice and then isolated
from the plates by means of trypsin. Intracellular uptake was
analyzed by a flow cytometer (Miltenyi, MACSQuant Analyzer
10, USA). At least 10,000 cells of each sample were analyzed. For
this experiment, strand D was labeled with Cy5 for DNA detection
inside the cells.

The cellular uptake of aX-Td@bsiRNAwas investigated in the
same way, in which siRNA loaded in lipofectamine�3000
(lipo3000@siRNA) was set as positive control and free siRNA
was set as a negative control. Furthermore, we performed a
confocal laser scanning microscopy (LSM700, Carl Zeiss, Ger-
many) to detect the cellular uptake of aX-Td@bsiRNA. A549
cells were seeded into Petri dishes at a density of
2 � 105 cells/dish until sub-confluence and then incubated with
Cy5-labeled aX-Td@bsiRNA, lipo3000@siRNA, and free siRNA
(0.3 mmol/L) for 10 h. Nuclei were stained with DAPI for
15 min at room temperature.

2.12. Endosomal escape behavior of aX-Td and aX-Td@bsiRNA

To investigate the endosomal escape behavior of aX-Td,
A549 cells were seeded into Petri dishes at a density of
2 � 105 cells/dish and then incubated in serum-free medium
for different times at the presence of Cy5-labeled aX-Td
(0.3 mmol/L). After being incubated at pre-determined times, cells
were gently rinsed with PBS and dyed with Lyso-Tracker Green
(1:5000 dilution) for 2 h at 37 �C. Subsequently, cells were fixed
for 10 min with 4% paraformaldehyde and then incubated for
15 min with DAPI at room temperature. Finally, cells were
dispersed in PBS and assessed by confocal laser scanning mi-
croscopy (LSM700, Carl Zeiss, Germany).

Endosomal escape behavior of aX-Td@bsiRNA after 10 h
incubation was also investigated in the same way, in which
lipo3000@siRNA was set as positive control and free siRNA was
set as a negative control. The fluorescent images were acquired
with 63 � magnification oil immersion lenses.

2.13. Western blot

To determine EGFR protein expression level, A549 cells were
seeded onto 6-well plates at 2 � 105 cells per well for 24 h. After
that, aX-Td@bsiRNA, free siRNA, lipo3000@siRNA were
resuspended in RPMI 1640 media (0% FBS), then added to each
well at 300 nmol/L. The cell lysate was collected by using an ice-
cold extraction reagent RIPA lysis buffer. The lysate was then
centrifuged at 12,000�g for 5 min at 4 �C and the protein con-
centration was determined by the bicinchoninic acid (BCA)
method. Subsequently, 25 mg of protein samples were first sepa-
rated by 8% SDS-PAGE and transferred onto the PVDF mem-
brane. Then, 5% powdered non-fat milk in Tris-buffered saline
with Tween-20 (TBST) was used to block the membrane at 25 �C
for 1 h. After which, the membrane was stained with primary
EGFR antibody which was added at a dilution of 1:1000 at 4 �C
overnight and then incubated with the secondary antibody which
was horseradish peroxidase-conjugated AffiniPure Goat anti-
rabbit IgG at a dilution of 1:12,500 for 1.5 h at 25 �C. The
expression of b-actin was detected as the internal standard for the
loading control. b-Actin primary antibody at a dilution of 1:6500
was used. To visualize the protein bands, the ECL reagents were
used. The Western blot was developed on a gel imager (ChemiDoc
XRS þ ™, Bio-Rad, USA).

2.14. Real-time quantitative PCR (RT-qPCR)

To detect EGFR gene expression level, cells were harvested after
being treated with aX-Td@bsiRNA, free siRNA, and lip-
o3000@siRNA for 48 h. Total RNAwas extracted from cells using
RNeasy Mini Kit (QIAGEN, Germany), then reverse-transcribed
with HiScript� Q Select RT SuperMix for qPCR (þgDNA
wiper) (Vazyme Biotech Co., Ltd., Nanjing, China) to obtain
cDNAs. Real-time PCR was performed using SYBR� Premix Ex
Taq™ II (Tli RNaseH Plus), ROX Plus (TAKARA, Dalian, China)
and amplified with Applied Biosystems Stepone™ (Thermo
Fisher Scientific, USA). All samples’ EGFR mRNA expression
levels were normalized by b-actin amplification. Primer sequences
used for EGFR (forward 5ʹ-AGACGCAGATAGTCGCCCAAAG-
3ʹ, reverse 5ʹ-TCCATCAGGGCACGGTAGAAG-3ʹ) were
designed and synthesized by TAKARA (Dalian, China). b-Actin
(forward 5ʹ-AAATCGTGCGTGACATTAA-3ʹ, reverse 5ʹ-
CTCGTCATACTCCTGCTTG-3ʹ)38 was synthesized by
TAKARA (Dalian, China).

2.15. Antitumor activity and safety in vivo

In order to study antitumor activity in vivo, an orthotopic 4T1
breast tumor model was established. BALB/c mice (5 weeks old,
female) were provided by Qinglong Mountain (approval number:
SYXK 2017-0001). All mice had free access to chow and water.
All live animalsʹ experiments complied with the relevant laws and
institutional guidelines and the Animal Experimentation Ethics
Committee of China Pharmaceutical University approved the ex-
periments (approval number: SYXK 2018-0019). Briefly, 1 � 106

4T1 cells in PBS (pH 7.4) were subcutaneously injected into the
fifth pair of breasts on the left of each mouse. When the tumor size
reached w100 mm3, the mice were randomly divided into 5



Figure 1 Characterization of Tds. (A) 2% AGE analysis of Td and 2X-Td@2siRNA. (B) CD spectra of 2X-Td@2siRNA (double strands, red

curve) and mixture of 2X-Td@2siRNA strands (single strands, black curve). (C) AFM images of aX-Td@bsiRNA. (D) TEM images of aX-

Td@bsiRNA by negative staining with 2% aqueous phosphotungstic acid. The scale bar is 100 nm. And hydrodynamic diameter of aX-

Td@bsiRNA from DLS measurements.
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groups (5 mice in each group). Then, these mice were adminis-
tered (i.v.) with 200 mL of saline (control), Td (naked tetrahedron),
2X-Td@2siRNA, Td@2siRNA (siRNA loaded in Td without
endosomal escape capacity), and free siRNA (0.8 mg/kg siRNA,
27.8 nmol/kg Td) every other day for 12 days, respectively. Tumor
size was measured using digital calipers and the volume (mm3)
was calculated according to the formula (a2b)/2, where a and b
were the respective shortest and longest diameter of the tumor.
Relative tumor volume (%) was calculated according to the for-
mula (Vx‒V0)/V0, where Vx is the mean volume on Day x and V0 is
the mean volume on the first day of treatment (Day 0). Body-
weight was also recorded every day. Relative body weight (%)
was calculated according to the formula (Wx‒W0)/W0, where Wx is
the mean body weight on Day x and W0 is the mean body weight
on the first day of treatment (Day 0). On Day 12, mice were
sacrificed by cervical dislocation. Simultaneously, the tumor mass
was harvested, weighed, and photographed. Then, major organs
(livers, spleens, hearts, lungs, and kidneys) and tumors were
collected to be fixed in 10% formalin and embedded in paraffin.
Next, five micrometer-thick sections were prepared and stained
with H&E. The sections of tumors were also prepared for
immunohistochemistry conducted by superbio Technology
(Nanjing, China).
2.16. Statistical analysis

All the data were expressed as mean � standard deviation (SD)
obtained from at least three samples. Statistical significance was
analyzed using one-way analysis of variance (for multiple-group
analysis) and two-tailed (for two-group comparison) Student’s t-
test. Differences with P < 0.05 were defined as statistically
significant.

3. Results and discussion

Generally, four designed single-strand DNAs (ssDNA) were uti-
lized to prepare the DNA tetrahedrons by Td self-assembly. In this
study, we utilized the original ssDNAs which were first reported by
Turberfield and co-workers as the basic Td backbones39,40. Spe-
cifically, the strategy for aX-Td@bsiRNA formation was displayed
in Table S1. And sequences used to synthesize aX-Td@bsiRNA
were described in Supporting Information Table S2. The successful
synthesis of aX-Td@bsiRNA was confirmed by 2% agarose gel
electrophoresis (AGE, Fig. 1A). The lanes from left to right are A,
AB, ABC, ABCD (Td), AB1CD, AB1CD1, AB1CD1þantisense,
AB1CD1þantisense þ sense, A1B1CD1þantisense þ sense,
A1B1C1D1þantisense þ sense, A1B1C1D1þantisense þ sense þ X
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(2X-Td@2siRNA), respectively. As shown in Fig. 1A, there were
very sharp bands in each lane and themigration rate slowed down as
the molecular weight increases. Td moved more slowly than the
ssDNA and other DNA combinations. 2X-Td@2siRNA migrated
more slowly than Td because of the extra X and siRNA. These re-
sults suggest that Td and 2X-Td@2siRNA were successfully syn-
thesized via an efficient complementary base pairing. Moreover,
circular dichroism (CD) spectra were utilized to verify the forma-
tion of double strands. Three characteristics of B-form duplex DNA
structure were observed in Fig. 1B. They were a positive band
around 270 nm, a negative band around 240 nm, and a crossover
near 258 nm respectively, which indicated that 2X-Td@2siRNA
was synthesized successfully4.

Then, the size and zeta potential of Tds were determined by
dynamic light scattering (DLS) at both physiological and endo-
somal pH environments. The results are displayed in Supporting
Information Table S3, the sizes of Td, X-Td@3siRNA, 2X-
Td@2siRNA, and 3X-Td@siRNA at pH 7.4 are 19.62�2.36,
26.46�3.50, 27.35�2.88, and 26.16�8.46 nm, respectively, which
are similar to that at pH 5.5, revealing that DNA tetrahedrons
could still keep their integral structures even in endosomal acidic
condition. The zeta potentials were all negative at both pH values,
indicating that the modification of X and siRNA did not influence
the charge of the DNA nanocage skeleton. Furthermore, atomic
force microscopy (AFM) images (Fig. 1C) and transmission
electron microscopy (TEM) images (Fig. 1D) show the
morphology of DNA tetrahedrons, and a high consistency was
observed between aX-Td@bsiRNA and Td. Also, it can be seen
from the TEM images that the DNA tetrahedron has a particle size
of about 20 nm. And the two-dimensional morphology of DNA
tetrahedral nanocage is a triangular or irregular quadrilateral,
which is consistent with the two-dimensional structure of the
tetrahedron. These results indicate that the synchronous conjuga-
tion of i-motif DNA and therapeutic siRNA did not influence the
formation of the three-dimensional structure formation of Td.

To verify Td could improve the stability of siRNA at the
presence of FBS and nucleases, free siRNA, 2X-Td@2siRNA, and
single strands of 2X-Td@2siRNA were incubated at 37 �C with
75% inactivated FBS and nuclease solution (100 U DNase I and
5 mg/mL RNase A) for different time. From Supporting Infor-
mation Figs. S1A and S1B images, it could be found that 2X-
Td@2siRNA can maintain its structural integrity for 30 min in
nucleases and 120 min in 75% FBS, while the degradation of
DNA single strands and free siRNA started from the beginning of
incubation. These results indicated that the rigid structure of the
self-assembled Td could protect siRNA from rapid degrada-
tion41e44 by the nucleases and FBS, whereas the DNA single-
strand without a rigid structure did not possess this function.
Furthermore, the in vitro stability of 2X-Td@2siRNA was inves-
tigated in pH 5.5 PBS and pH 7.4 PBS over time. After incubation
in pH 5.5 PBS at 37 �C for 25 min (Supporting Information
Fig. S2A), the particle size changed from 23.44�1.73 nm to
53.74�10.20 nm, showing a trend of continuous increase over
time. While in pH 7.4 PBS (Fig. S2B), the particle size reached
63.12�14.53 nm after incubation at 37 �C for 25 min. Hence, no
significant increase in size could be observed. These results
indicate that the ion composition, concentration, and pH value of
these test buffer would influence the protonation and stretch of the
DNA chains, resulting in the size change of assembled DNA
nanostructures.

To further analyze the cytotoxicity of aX-Td toward
A549 cells, an MTT assay was carried out. Supporting
Information Fig. S3A gives no significant change in cytotoxicity
as the concentration of DNA increased. And the cell viability of
aX-Td was all above 80% at different concentrations. In other
words, Tds had no obvious cytotoxicity. As shown in Fig. S3B,
there was no significantly different cell viability could be found
between those groups treated with free siRNA, X-Td@3siRNA,
2X-Td@2siRNA, and 3X-Td@siRNA. Namely, aX-Td@bsiRNA
did not show remarkable anti-cancer effects in vitro after 48 h
treatment.

To investigate the cellular uptake efficiency of aX-Td, Td
frameworks were labeled by Cy 5. The results from the flow
cytometer are shown in Fig. 2. As shown in Fig. 2A, after
incubated with aX-Td and Td for 4 h, the cellular uptake of X-Td
was significantly higher than other groups and there was no
significant difference between the other three groups. DNA tet-
rahedrons was proved to carry negative charges, thus they must
overcome electrostatic repulsion with cell membranes to be
taken into cells45. When one of the Td’s facets is faced up with
the membrane surface, it will form a “face attack” which has
high repulsion with cell membranes resulting in difficulties for
Td internalization. Generally, when a “face attack” occurred, Td
will rotate to produce an angle with cell membranes and go
through a “corner attack”, which will decrease the repulsion46,47.
When the four vertices of Td were not fully occupied, one X
modification will reduce the occurrence of the “face attack” of
Td, which is advantageous to Td internalization, thereby
enhancing its cellular uptake. However, as the number of X
increasing, the appearance of “corner attack” decreased, espe-
cially 3X-Td. Therefore, the cellular uptake of 2X-Td and 3X-Td
was lower than that of X-Td.

To analyze the cellular uptake of aX-Td@bsiRNA (Fig. 2B),
siRNA was labeled with Cy 5. Since the i-motif content in
different nanostructures is diverse, we adjusted the dosage of
nanostructures including i-motif, to guarantee the consistency of
siRNA dosage in both in vivo and in vitro experiments. Namely,
the ratio of i-motif to siRNA was fixed as 1:3, 1:1, and 3:1 for X-
Td@3siRNA, 2X-Td@2siRNA, and 3X-Td@siRNA, respectively.
When the dose of siRNA changes, the amount of X-Td will
change accordingly. Simultaneously, siRNA loaded in lip-
ofectamine�3000 (lipo3000@siRNA) was set as a positive con-
trol and free siRNAwas set as a negative control. Flow cytometry
results showed that the cellular uptake of lipo3000@siRNA was
the strongest, followed by 2X-Td@2siRNA. However, there was
no significant difference between 3X-Td@siRNA and X-
Td@3siRNA. It’s worth noting that free siRNA had the lowest
cellular uptake. Similarly, the results were also confirmed by
Confocal laser scanning microscopy images (Fig. 2C). There was
little free siRNA localized in the cell, indicating siRNA had poor
ability into cells. Contrary to free siRNA, aX-Td@bsiRNA
showed stronger red fluorescence intensity, revealing that there
were more Cy 5 labeled siRNA taken into cells. These results
indicate that the conjugation of siRNA on the vertex of aX-Td
would benefit for their intracellular uptake into A549 cells.

At the same time, as shown in bright-field images (Fig. 2), the
morphology of cells in aX-Td@bsiRNAwas complete, which was
contrary to that in lipo3000@siRNA. What we need to pay
attention to is that there was no obvious cell morphology observed
in the lipo3000@siRNA group (Fig. 2), and the cells were
destroyed into fragments due to the toxicity of lipo3000. Based on
the above results, it was revealed that aX-Td could significantly
improve the cellular uptake of free siRNA with low toxicity
compared to lipo3000.
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After incubation with aX-Td@bsiRNA, the fluorescence in-
tensity of 2X-Td@2siRNA was stronger than that of 3X-
Td@siRNA and X-Td@3siRNA, while there was no significant
difference between X-Td@3siRNA and 3X-Td@siRNA. It may be
due to electrostatic repulsion with cell membranes. When three
same ligands (X or siRNA) are modified on the vertex of Td, it
would like the three legs of a tripod. Under this circumstance, it
would increase the emergence of invalid “face attack” which had
high repulsion. However, two ligands modified Td (2X-
Td@2siRNA) was easier to produce an angle with cell membranes
that would decrease the electrostatic repulsion, thereby enhancing
its cellular uptake.

To further identify the endosomal escape capacity of aX-Td
and aX-Td@bsiRNA, subcellular colocalization studies were
conducted. Tds were labeled with Cy5 (red), nuclei were dyed
with DAPI (blue) and endosomes were stained with Lyso Tracker
Green (green). The capacity of endosomal escape was represented
Figure 2 Cellular uptake in A549 cells of empty cages (aX-Td) aft

Td@bsiRNA) after 10 h with lipo3000@siRNA as a positive control and

confocal laser scanning microscopy (C). Scale bar Z 10 mm.
by the overlap (yellow or orange) of the fluorescence signals of Cy
five and Lyso Tracker Green. First, we investigated the endosomal
escape behavior of empty vectors modified with different numbers
of X. As displayed in Supporting Information Figs. S4AeS4D, the
intensity of red fluorescence was getting stronger as time pro-
longed which indicated that Tds were all entering in cells and the
modification of X would not impede the cellular uptake of Td.
When treated with aX-Td, the red fluorescence intensity of X-Td
was always the strongest indicating that one X could enhance Td’s
cellular uptake, which was consistent with the flow cytometry
results.

Additionally, after treated for 6 h, the overlap fluorescence of
Td was most distinct in merged pictures and the red fluorescence
signal of Td remained punctate, which meant Td was still
entrapped in endosomes. The Pearson coefficient of the overlap
fluorescence in Td (0.673�0.06, Supporting Information
Fig. S4E) was more than 0.5, which also implied Td colocalized
er 4 h analysed by flow cytometer (A), siRNA-loaded in Td (aX-

free siRNA as a negative control analysed by flow cytometer (B) and
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with endosomes. Contrary to Td without modified with X, obvious
endosomal escape was observed in all aX-Td groups, revealing
that X could endow Td endosomal escape capacity. As shown in
Fig. S4E, the Pearson coefficient demonstrated that as the number
of X modified on Td increasing, the overlap fluorescence
decreased significantly. The overlap fluorescence appeared in X-
Td group’s merged pictures after 4 h incubation, indicating that X-
Td was endocytosed into endosomes. After 6 h incubation, there
was still some orange fluorescence observed in X-Td group. But
the difference was the intensity of red fluorescence gets stronger,
which demonstrated that a part of X-Td had escaped from endo-
somes. In 2X-Td group, the red fluorescence started to appear after
4 h incubation in merged pictures, indicating that there was some
2X-Td escaped from endosomes into the cytoplasm. After 6 h, the
red fluorescence became stronger and there was no orange fluo-
rescence detected, which suggested that most of 2X-Td had
escaped. In 3X-Td group, it was distinctly contrary to Td that
there were no overlap fluorescence signals detected and the red
fluorescence was no longer punctate but diffusely distributed in
the cytoplasm, which suggested that 3X-Td had already get rid of
endosomes. To be noted, the endosomal escape capacity of 2X-Td
was not as good as that of 3X-Td in 4 h, but there was no dif-
ference between them in 6 h. Taken together, the endosomal
escape capacity of 2X-Td was similar to 3X-Td. This phenomenon
could also be seen from the Pearson coefficient, which has no
significance between 2X-Td (0.44�0.07) and 3X-Td (0.43�0.08)
(Fig. S4E).

Then, we observed the endosomal escape behavior of aX-
Td@bsiRNA with lipo3000@siRNA and free siRNA as controls.
As displayed in Fig. 3, compared to free siRNA, there was a
higher intensity of red fluorescence observed in aX-Td@bsiRNA
treated groups after 10 h incubation, which indicated that siRNA
loaded in Td could enhance its cellular uptake. At the same time,
there were obvious red fluorescence and little overlap fluorescence
observed in the cytoplasm, implying that aX-Td assisted siRNA to
get rid of endosomes successfully. The endosomal escape capa-
bility of aX-Td@bsiRNA could be explained by the proton sponge
effect caused by i-motif. After intracellular uptake and captured
by lysosomes, i-motif conjugated on DNA nanocages are prone to
consume Hþ in the acidic environment, resulting in high osmotic
pressure and burst of lysosomes. Moreover, it also demonstrated X
Figure 3 (A) Endosomal escape behavior of aX-Td@bsiRNA incubat

bar Z 10 mm. All data are expressed as the mean � SD, n Z 3. (B) The

calculated by Image J software. The significance of the differences (*

o3000@siRNA group, #P < 0.05 versus 2X-Td@2siRNA group) was eva
did not detach from Td, and aX-Td@bsiRNA still maintain their
structural integrity before into endosomes, which is essential to
ensure the protonation of C and endosomal escape of siRNA.

We could see clearly from Fig. 3A that the overlap fluores-
cence of lipo3000@siRNA did not exist, indicating lipo3000 had
predominant endosomal escape capacity. The Pearson coefficient
of the overlap fluorescence also indicated that (0.04�0.17
Fig. 3B). But the cells started to be broken and had no obvious
morphology after 10 h, which could be explained by their po-
tential cytotoxicity.

Meanwhile, among aX-Td@bsiRNA, a very large amount of
red fluorescent signal appeared in the 2X-Td@2siRNA group,
implying that the amount of 2X-Td@2siRNA (The Pearson co-
efficient of the overlap fluorescence in 2X-Td@2siRNA was
0.11�0.21) escaping from endosomes was larger than that of X-
Td@3siRNA (The Pearson coefficient of the overlap fluorescence
in X-Td@3siRNA was 0.58�0.07) and 3X-Td@siRNA (The
Pearson coefficient of the overlap fluorescence in 3X-Td@siRNA
was 0.15�0.31). It should be due to the dual factors that were
cellular uptake and endosomal escape capacity. Different from the
other four groups, there was almost no red fluorescence in free
siRNA, indicating free siRNA had poor cellular uptake and
endosomal escape capacity. Overall, Td could significantly
improve the cellular uptake of siRNA, and X could endow Td with
a certain endosomal escape capacity. In addition, it could be seen
that the cytotoxicity of Tds was much smaller than transfection
commercial reagent (lipo3000).

Western blot was used to verify qualitatively if aX-
Td@bsiRNA could inhibit the expression of EGFR in A549 cells.
As shown in Fig. 4A, the intensity of the free siRNA band had no
significant difference from the control, which suggested that free
siRNA did not play a role in gene silencing. On the contrary, the
intensity of aX-Td@bsiRNA decreased markedly compared to
free siRNA, which demonstrated that the efficiency of aX-
Td@bsiRNA was superior to that of free siRNA. Moreover, the
results showed that the predominant cellular uptake capacity and
endosomal escape capacity of aX-Td were beneficial to siRNA in
silencing gene expression. Among aX-Td@bsiRNA, the intensity
of 2X-Td@2siRNA and 3X-Td@siRNAwas lower than that of X-
Td@3siRNA, indicating that the gene silencing efficiency of 2X-
Td@2siRNA and 3X-Td@siRNA was higher than X-
ed for 10 h analysed by confocal laser scanning microscopy. Scale

Pearson correlation coefficients between Cy five and endosomes were

P < 0.05 versus lipo3000@siRNA group, **P < 0.01 versus lip-

luated by two-tailed Student’ s t-test.



Figure 4 In vitro EGFR protein and mRNA expression level treated with siRNA-loaded Tds (aX-Td@bsiRNA) after 48 h analysed by Western

blot (A), the semiquantitative analysis by Image J of the protein level (B) and RT-qPCR (C). All data are expressed as the mean � SD, n Z 3.

***P < 0.001, **P < 0.01 versus free siRNA group. #P < 0.05, ##P < 0.01, ###P < 0.001 versus 2X-Td@2siRNA group. The significance of the

differences was evaluated by two-tailed Student’s t-test.
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Td@3siRNA. Furthermore, we could also conclude that this is
because of the difference in cellular uptake and endosomal escape
capacity. But there was no difference between the intensity of 2X-
Td@2siRNA and 3X-Td@siRNA, which was shown in Fig. 4B.
We combined with the previous results that the endosomal escape
capacity of 2X-Td@2siRNA was as good as 3X-Td@siRNA but
the cellular uptake of 2X-Td@2siRNA was superior to 3X-
Td@siRNA. However, the gene silencing efficiency revealed no
difference between 2X-Td@2siRNA and 3X-Td@siRNA indi-
cating that endosomal escape capacity was more important for
gene silencing. In addition, the intensity of 2X-Td@2siRNA and
3X-Td@siRNA was similar to that of lipo3000@siRNA, which is
to say that 2X-Td@2siRNA and 3X-Td@siRNA could transfect
siRNA efficiently and inhibit EGFR expression in vitro effectively
even as well as lipo3000@siRNA did.

Furthermore, we detected relative EGFR mRNA expression
quantitatively by Real-Time quantitative PCR (RT-qPCR). The
relative mRNA expression levels of X-Td@3siRNA, 2X-
Td@2siRNA, 3X-Td@siRNA, lipo3000@siRNA, and free siRNA
group were 78.75�5.04%, 34.77�3.39%, 37.66�0.92%,
22.19�2.70%, and 113.05�4.31% respectively. Among them, the
mRNA expression level in the free siRNA group was not signif-
icantly different from that in the control group, indicating that free
siRNA did not generate a significant gene silencing. On the con-
trary, the mRNA expression levels of X-Td@3siRNA, 2X-
Td@2siRNA, and 3X-Td@siRNA were significantly decreased
compared with free siRNA, indicating that aX-Td@bsiRNA could
downregulate the mRNA expression effectively in vitro and
cellular uptake was important for siRNA as well as endosomal
escape capacity. And among aX-Td@bsiRNA, the mRNA
expression level in the 2X-Td@2siRNA and 3X-Td@siRNA
groups were lower than X-Td@3siRNA, indicating 2X-
Td@2siRNA and 3X-Td@siRNA induce better gene silencing
in vitro because of their better endosomal escape capacity. At last,
the gene silencing efficiency of 2X-Td@2siRNA and 3X-
Td@siRNA was lower than that of lipo3000@siRNA, but the
difference was not very distinct. Simultaneously, the previous
results showed 2X-Td@2siRNA and 3X-Td@siRNA were safer.
In a word, aX-Td@bsiRNA could downregulate EGFR mRNA
expression level in A549 cells remarkably, which is consistent
with the results of Western blot.

Both in vitro cytology and pharmacodynamic results showed
that 2X-Td@2siRNA had better endosomal escape capacity and
gene silencing efficiency. Subsequently, antitumor activity and
safety of 2X-Td@2siRNA in vivo were investigated with saline,
Td, Td@2siRNA (which has no endosomal escape capacity), and
free siRNA as controls by orthotopic 4T1 breast tumor model. The
result of relative tumor volume (Fig. 5A) shows that the tumor
volume in Td and saline groups increased rapidly, and there was
no significant difference between the two groups, which revealed
that the blank carrier had no antitumor activity. Additionally, the
tumors in free siRNA and Td@2siRNA also grew rapidly, indi-
cating that siRNA and Td@2siRNA without good cellular uptake
and endosomal escape capacity could not effectively inhibit tumor
growth. Different from the other four groups, the tumor growth
rate of the 2X-Td@2siRNA group significantly decreased,
implying that 2X-Td@2siRNA had good tumor inhibition in vivo.

Furthermore, the visual image of the mice tumors (Fig. 5B)
demonstrates that the tumors in the 2X-Td@2siRNA group
were significantly smaller than the other four groups. The
average tumor weights (Fig. 5C) of the saline group, the Td
group, the free siRNA group, the Td@2siRNA group, and the
2X-Td@2 siRNA group were 1.17, 1.04, 0.98, 0.95, and 0.48 g,
respectively. The efficiency of tumor growth inhibition in the
2X-Td@2siRNA group was significantly higher than that in
Td@2siRNA (3.14-fold) and free siRNA (3.63-fold). It was
further illustrated that 2X-Td@2siRNA had better in vivo
antitumor activity.

Besides, the images of immunohistochemistry were used to
observe gene silencing efficiency of 2X-Td@2siRNA in vivo
qualitatively. The results are shown in Fig. S4A, in which blue
represented the nuclei and yellow represented the EGFR protein in
the tumor cells. It could be seen clearly that compared to the saline
group, the EGFR expression in Td group had no significant
decrease, indicating that Td did not exert obvious in vivo gene
silencing as same as the saline group. Similarly, EGFR expression
level in free siRNA had no significant change compared to the
saline group, indicating that free siRNA also did not exert obvious
in vivo gene silencing. While in Td@2siRNA group, the EGFR
expression level had a slight decrease compared to free siRNA,
which implied that the good cellular uptake of Td was advanta-
geous to siRNA in in vivo gene silencing. In the 2X-Td@2siRNA
group, the EGFR expression level decreased significantly
compared to free siRNA and Td@2siRNA groups, indicating that
2X-Td@2siRNA was superior in in vivo gene silencing. The
average optical density of IHC images (Fig. S4B) also reveals the



Figure 5 In vivo anti-tumor effect. (A) 4T1 tumor growth curves of different groups after injection treatments. (B) Photos of the tumors

collected from different groups of mice after 12 days injection treatments. (C) Average weights of the tumors in each treatment group collected

after 12 days. (D) Body weights of mice after various injection treatments. *P < 0.05, **P < 0.01 versus 2X-Td@2siRNA. All of the values are

shown as means � SD (n Z 5).
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results. Furthermore, it also suggested cellular uptake and endo-
somal escape capacity had a distinct influence on in vivo gene
silencing of siRNA. However, endosomal escape capacity was
more essential for siRNA in gene silencing.

The relative body weight (Fig. 5D) shows that there was no
significant difference between the five groups from the Day 0 to
Day 12 of administration, indicating that the carrier and siRNA-
loaded DNA nanocages had no serious toxicity to the body. At
the same time, the major organs (hearts, livers, spleens, lungs, and
kidneys) of the five groups were observed by stained with H&E
(Supporting Information Fig. S5). The images showed that the
organs of free siRNA, Td@2siRNA, Td, 2X-Td@2siRNA group
had no obvious difference from that of the saline group. It further
indicated that the carrier and siRNA-loaded DNA nanocages were
safe in vivo.
4. Conclusions

In summary, a series of DNA nanostructures (aX-Td@bsiRNA)
gifted with favorable endosomal escape behaviors were developed
to achieve efficient siRNA in vivo delivery. This siRNA delivery
system can supply the multifunctionality required to address
challenges for siRNA in vivo delivery, including protecting siRNA
from nuclease-mediated degradation, facilitating its cellular up-
take, and promoting endosomal escape. The particle size, AFM,
and TEM showed aX-Td@bsiRNAwas about 20 nm with negative
charges. Besides, compared to free siRNA and DNA single
strands, 2X-Td@2siRNA could maintain its complete structure for
longer times in FBS (120 min) and nucleases (30 min). Further-
more, Td could significantly improve the cellular uptake of siRNA
in A549 cells with lower cytotoxicity and X could help siRNA get
rid of being entrapped in endosomes by introducing endosome
membrane lysis. Moreover, the results obtained from Western blot
and RT-qPCR also indicated that aX-Td@bsiRNA could down-
regulate EGFR protein and mRNA expression level in A549
markedly, even close to transfection reagent lipo3000. X-
Td@3siRNA, 2X-Td@2siRNA, and 3X-Td@siRNA could
downregulate EGFR mRNA expression level to 78.75%, 34.77%,
and 37.66%, respectively, which were significantly lower than free
siRNA. Meanwhile, 2X-Td@2siRNA could inhibit tumor growth
effectively in vivo. Compared to free siRNA and Td@2siRNA,
2X-Td@2siRNA could effectively downregulate EGFR expres-
sion in 4T1 tumor and showed excellent antitumor efficiency with
low systemic toxicity in vivo, thanks to its good stability, effective
cellular uptake, and high efficiency in the endosomal escape. All
these results represent that DNA tetrahedrons modified with X as
promising siRNA-based therapeutics carriers have achieved great
progress in further in vivo delivery for gene therapy.
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