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Introduction: RNA interference is a promising therapy in glioma treatment. However, the 
application of RNA interference has been limited in glioma therapy by RNA instability and 
the lack of tumor targeting. Here, we report a novel DNA tetrahedron, which can effectively 
deliver small interfering RNA to glioma cells and induce apoptosis.
Methods: siRNA, a small interfering RNA that can suppress the expression of survivin in 
glioma, was loaded into the DNA tetrahedron (TDN). To enhance the ability of active targeting 
of this nanoparticle, we modified one side of the DNA nanostructure with aptamer as1411 (As- 
TDN-R), which can selectively recognize the nucleolin in the cytomembrane of tumor cells. 
The modified nanoparticles were characterized by agarose gel electrophoresis, dynamic light 
scattering, and transmission electron microscopy. The serum stability was evaluated by 
agarose gel electrophoresis. Nucleolin was detected by Western blot and immunofluorescence, 
and targeted cellular uptake was examined by flow cytometry. The TUNEL assay, flow 
cytometry, and Western Blot were used to detect apoptosis in U87 cells. The gene silencing 
of survivin was examined by qPCR, Western Blot, and immunofluorescence.
Results: As-TDN-R alone showed better stability towards siRNA, indicating that TDN was 
a good siRNA protector. Compared with TDN alone, there was increased intercellular uptake 
of As-TDN-R by U87 cells, evidenced by overexpressed nucleolin in glioma cell lines. 
TUNEL assay, flow cytometry, and Western Blot revealed increased apoptosis in the As- 
TDN-R group. The downregulation of survivin protein and mRNA expression levels indi
cated that As-TDN-R effectively silenced the target gene.
Conclusion: The novel nanoparticle can serve as a good carrier for targeting siRNA 
delivery in glioma. Further exploration of the DNA nanostructure can greatly promote the 
application of DNA-based drug systems in glioma.
Keywords: DNA tetrahedron, nanomedicine, tumor targeting, aptamer, apoptosis, RNA 
interference

Introduction
Glioma is the most malignant brain tumor that originates from glial cells. Besides, it 
is the most deadly type of brain tumor, with a five-year survival rate of less than 
35%.1,2 The majority of glioma patients are treated with conventional surgery, 
combined with radiation, chemotherapy, or other drugs, due to the poor efficacy 
of traditional drug formulations.1,3 Although progressive therapy has been clinically 
used, scholars continue to explore more effective approaches to improve the 
survival rates of brain cancer patients.

One promising approach to glioma treatment is the inactivation of proteins critical 
to tumor survival or progression through RNA interference (RNAi), which ultimately 
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results in the death of tumor cells. The main targets of RNAi 
therapy include oncogenes and genes involved in survival, 
anti-apoptosis, angiogenesis, metastasis, and chemothera
peutic resistance.4,5 Among the apoptotic inhibitor proteins, 
survivin has attracted increasing attention because of its 
high expression in tumor tissues and tumor cell lines.6 

Survivin is also overexpressed in human gliomas, and its 
high protein expression level is associated with the degree 
of tumor malignancy.7–9 The higher expression level of 
survivin is also associated with a worse prognosis. 
Previous studies have shown that survivin-targeted RNA 
interference can inhibit cancer cell growth and prolong the 
survival of tumor-bearing mice.10 However, due to poor 
RNA stability, survivin cannot precisely enter tumor cells, 
thus, its application remains a challenge. Current RNA 
delivery methods include liposomes, cationic colloid, and 
carbon quantum dots, however, these methods have issues 
related to the material itself.5

Recently, a novel nanomaterial, DNA tetrahedron, has 
emerged as a multifunctional drug due to its anti-inflamma
tory, anti-oxidative, and neuroprotective effects.11 Besides, it 
has been used as a multifunctional drug carrier due to its high 
drug delivery capacity, good biocompatibility, and 
biodegradability.12 DNA nanomaterials are composed of 
only purines and pyrimidines, which means high editability. 
Therefore, a variety of tumor-targeting ligands and antitumor 
drugs are designed and modified on the tetrahedron. AS1411 
is a guanine-rich DNA oligonucleotide produced by SELEX 
technology. It recognizes the nucleolin protein expressed on 
the tumor cell membrane through the high affinity of the 
guanine domain.13 Studies have shown that AS1411 inhibits 
the formation of new blood vessels and it is applied to 
ophthalmology and tumor-related diseases. Based on these 
facts, we modified aptamer AS1411 onto one side of the 
DNA tetrahedron to form a drug carrier with tumor-targeted 
function. Moreover, cy3 (a kind of anthocyanin dye), which 
emit red fluorescence under excitation, was attached to the 
DNA oligonucleotide. Based on the location of the fluores
cence signal, the biological behavior of the nanomaterial in 
the cell can be determined.

In this study, we constructed a tetrahedral DNA nanos
tructure loaded survivin interfering RNA (As-TDN-R), to 
selectively identify tumors cells over-expressing nucleolin 
protein. Through the cy3 fluorescence signal, the biological 
behavior of nanomaterials in the cells was determined by flow 
cytometry and fluorescence staining. The results showed that 
the nanomaterials had good structural stability and biocompat
ibility. Besides, compared with the tetrahedron alone, As- 

TDN-R was found to be absorbed more by tumor cells and 
concentrated around the nucleus to achieve effective concen
tration. By interfering with survivin expression, As-TDN-R 
can inhibit the anti-apoptotic pathways of gliomas and induce 
tumor cell death.

Materials and Methods
All oligonucleotides were synthesized and purified by 
Sangon Biotech Company (Shanghai, China). Survivin 
siRNA (5ʹ-AUUCACCAAGGGUUAAUUCdTdT-3ʹ) was 
synthesized by GenePharma Company (Shanghai, China). 
Deionized water used in all aqueous solutions was produced 
using a Millipore Ultrapure water machine (Massachusetts, 
USA). GelRed DNA gel stain solution was purchased from 
Biosharp (Beijing, China). Tris, magnesium chloride 
(MgCl2), and Triton X-100 were obtained from Macklin 
(Shanghai, China). Agarose was purchased from Biowest 
(Barcelona, Spain). U87, U251, and HUVEC cells were 
purchased from ATCC. Fetal bovine serum (FBS) and 
high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM/high glucose) were bought from Gibco (NY, 
USA). A cell counting kit (CCK-8) was purchased from 
Bimake (Texas, USA). 4′6-Diamidino-2-phenylindole 
(DAPI) were obtained from Solarbio (Beijing, China). 
Primary antibodies β-actin (20536-1-AP), NCL (10556-1- 
AP), and Caspase-3 (19677-1-AP) were obtained from 
Proteintech (IL, USA). Survivin (YT4472) was purchased 
from Immunoway (TX, USA), and horseradish peroxidase- 
conjugated or CoraLite594-conjugated secondary antibo
dies were purchased from Proteintech (IL, USA).

Preparation of As-TDN-R
The purchased oligonucleotides were diluted in deionized 
water. The oligonucleotides (AS-s1, Si-s2, s3, s4, and 
siRNA-R) were mixed using the same molar ratio in TM 
(10mM Tris base, 5mM MgCl2, PH=8.0) buffer to assemble 
the target nanostructure.14 Briefly, the four single-strand 
DNA were heated to 95°C for 10min and slowly annealed 
to 4°C in 2 hours.15,16 All the oligonucleotides are listed in 
Table 1.

Characterization and Stability of As- 
TDN-R
Agarose gel electrophoresis (3%) was used to determine the 
accuracy of As-TDN-R synthesis. To stain the single-strand 
DNA, GelRed was added to the agarose gel. The samples 
were run in the 1X Tris-acetate-EDTA electrophoresis buffer 
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at a voltage of 80v for 40min, and the gel captured using the 
Bio-Rad ChemiDoc MP imaging system (California, USA).

The morphological characteristics of the nanoparticles 
were detected using a transmission electron microscope 
(TEM). A drop of nanoparticles was dried on the copper 
mesh overnight. The sample was imaged at an accelerating 
voltage of 80kV using the Hitachi-7500 (Tokyo, Japan). 
Moreover, the size and distribution of the nanoparticle were 
detected using the Malvern Zetasizer ZS90 (Malvern, UK). 
The As-TDN-R stability in serum was determined by agarose 
gel electrophoresis. Briefly, As-TDN-R were incubated with 
10% FBS at various periods (6 h, 12 h, 24 h, and 48 h), and 
agarose gel electrophoresis was used to confirm the As-TDN- 
R structure.

Cell Culture
The human glioma cell lines (U87 and U251) were cul
tured in Dulbecco’s Modified Eagle’s Medium (DMEM) 
High Glucose containing 1% penicillin-streptomycin solu
tion, and 10% fetal bovine serum. HUVEC cell line was 
incubated in DMEM/F12 mixed with 0.1mg/mL heparin, 
0.03mg/mL ECGs, 1% penicillin-streptomycin solution 
and 10% fetal bovine serum. All cell lines were cultured 
in a humidified incubator with 5% CO2 at 37°C. The 
culture medium was replaced every 2–3 days.

Cellular Uptake of Nanoparticles
cy3-s3 was used to synthesize cy3-TDN as previously 
reported.17 U87 cells were digested, placed on the coverslips 
in 24-well culture plates and grown for 24 h until the cells 
reached at least 75% confluence. The cells were treated with 
PBS, cy3-TDN (100nM), and cy3-As-TDN-R (100nM) at 

37°C in a humidified atmosphere with 5% CO2 for 6 h. The 
cells were rinsed three times using 0.01% PBS and fixed with 
cold 4% paraformaldehyde for 15 minutes in the dark. After 
rinsing three times with PBS, 4′,6-diamidino-2-phenylindole 
(DAPI) was used to stain the nucleus for 10 min. The cover
slips were sealed with glycerin, and a fluorescence micro
scope (Olympus, Tokyo, Japan) was used to observe cellular 
uptake and capture images. Moreover, cellular uptake state 
was also detected by flow cytometry.

U87 cells were digested and cultured in 6-well plates at a 
density of 5×105 for 24 h until the cells reached confluence. 
The cells were then treated with PBS, cy3-TDN (100nM), and 
cy3-As-TDN-R (100nM) at 37°C for 6 h (as described above). 
The treated cells were digested using 0.25% trypsin and col
lected by centrifugation. The harvested cells were subse
quently counted using a Beckman flow cytometer 
(California, USA). To further confirm the selectivity of nano
particles to cells, HUVEC cells were also treated as described 
above.

CCK-8 Assays
U87 cells were digested and grown in 96-well plates at a 
density of 5000 cells per well. After pretreatment with a 
low FBS culture medium for 2 h, an equivalent concentra
tion of PBS, TDN (150nM), or As-TDN-R (150nM) were 
added and incubated for 48 h. To each well, 10 μL of 
CCK-8 (Bimake, USA) was added and incubated for 1 h. 
The absorbance was determined at 450 nm using a micro
plate reader. To further determine the effect of As-TDN-R 
on cell cytotoxicity, different concentrations (0nM, 50nM, 
150nM, and 250nM) were added to U87 cells, and all the 
other steps were performed as previously described.

Table 1 Sequence of Each Oligonucleotide

Single Strand 
DNA

DNA Sequence (5′→3′)

s1 ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGCCGCCATAGTA

s2 TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGGGTCCAATAC

s3 TCAACTGCCTGGTGATAAAACGACACTACGTGGGAATCTACTATGGCGGCTCTTC

s4 TTCAGACTTAGGAATGTGCTTCCCACGTAGTGTCGTTTGTATTGGACCCTCGCAT

cy3-s3 Cy3-TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGGGTCCAATAC

As-s1 GGTGGTGGTGGTTGTGGTGGTGGTGGTTTTTTACATTCCTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGCCGCCATAGTA

Si-s2 AGCGCAACCGGACGAATGCTTTTTTTTTATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGGGTCCAATAC

siRNA-R GCAUUCGUCCGGUUGCGCUdTdT
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TUNEL Assays
Apoptosis is accompanied by DNA damage, which can be 
detected using the apoptosis detection kit. U87 cells at a density 
of 5000 per well were placed in a 24-well climbing slice and 
cultured overnight. Subsequently, the media was replaced with 
a complete medium containing different nanoparticles (PBS, 
150nM TDN, or 150nM As-TDN-R) and incubated for another 
48 h. The cells were fixed with 4% paraformaldehyde for 20 
min, blocked with 5% goat serum for 30 min, and treated with 
0.3% Triton X-100 for 10 min at room temperature. The 
terminal deoxynucleotidyl transferase (TdT) reaction reagent 
(Beyotime, China) was added, incubated for 60 minutes, and 
DAPI was used to stain the cell nucleus. A fluorescence micro
scope (Olympus, Tokyo, Japan) was used to capture the images.

Flow Cytometry of Apoptosis
U87 cells were seeded into 6-well plates at a density of 5×105 

per well and incubated at 37 °C. An equivalent amount of 
PBS, TDN (150nM), and As-TDN-R (150nM) was added 
and the cells incubated at 37 °C for 48 h. The cells were 
harvested and incubated with reagents from the Annexin 
V-FITC apoptosis kit (Beyotime, China) according to the 
manufacturer’s instructions, and the cells were counted 
using a Beckman flow cytometer (California, USA).

Western Blot
HUVEC, U87, and U251 cells were lysed with RIPA lysate 
containing 1mm of phenylmethane sulfonyl fluoride (Beyotime, 
China). After centrifugation, the total protein concentration was 
determined using a Pierce bicinchoninic add (BCA) protein assay 
kit (Beyotime, China). The equivalent amount of protein (20ug) 
was separated by electrophoresis on 12.5% sodium dodecyl sul
fate-polyacrylamide gel followed by transfer to the polyvinylidene 
fluoride membrane (Millipore, USA). The membranes were 
blocked with 5% skimmed milk powder in TBST (pH=8.0) for 
2 h at room temperature. The membrane was incubated with 
nucleolin (1:1000), caspase-3 (1:1000), and survivin (1:1000) anti
body overnight at 4°C, followed by incubation with horseradish 
peroxidase-labeled secondary antibodies (1:5000) for 1 h. The 
Bio-Rad detection system was used to detect the chemilumines
cence, and β-actin was used as the internal standard.

Quantitative Reverse Transcription- 
Polymerase Chain Reaction (qRT-PCR)
U87 cells were incubated with different DNA nanoparticles 
(TDN, As-TD-R) at a concentration of 150nM for 48 h. Total 
RNA of U87 cells was extracted using TRIzol according to the 

manufacturer’s instructions. The concentration and quality of 
nucleic acids in each sample was determined using a 
NanoDrop Spectrophotometer (Thermo Fisher, USA). The 
RNA samples were reverse-transcribed to cDNA using a 
Primescript RT reagent kit (TaKaRa, Japan). The following 
primers were used for real-time PCR analysis: survivin forward: 
TCAAGGACCACCGCATCTCTA, reverse: TGAAGCAG 
AAGAAACACTGGGC, GAPDH forward: CACCACCAT 
GGAGAAGGCTGG, reverse: CCAAAGTTGTCATGG 
AT-GACC. Amplification of target genes was performed with 
the real-time PCR machine (Bio-rad, USA). GAPDH was used 
as the internal control, and the relative fold-changes in mRNA 
expression levels were calculated using the ΔΔCT method.18

Immunofluorescence
U87 cells were digested and seeded onto the coverslip of 24-well 
plates. The cells were treated with TDN and As-TDN-R for 48 h. 
After drug treatment, the cells were fixed with 4% paraformal
dehyde for 20 min and permeabilized with 0.5% Triton X-100 in 
PBS for 15 min. Subsequently, the coverslips were incubated 
with 5% goat serum for 1 h to block the cells. The cells were then 
incubated with nucleolin (1:100) and survivin (1:150) overnight 
at 4°C, followed by incubation with CoraLite594 labeled sec
ondary antibody (1:1000) for 1 h at 37°C. DAPI was used to stain 
the cell nucleus, and a fluorescence microscope (Olympus, 
Tokyo, Japan) was used to capture the images.

Statistical Analysis
All data were presented as mean ± standard deviation. 
Statistical analysis was performed using SPSS 22.0. One- 
way analysis of variance was used to determine any statistical 
differences between the groups (IBM, NY, USA). *P<0.05, 
**P<0.01, ***p<0.001 were considered statistically signifi
cant. Graphs were generated by GraphPad Prism 8.0.

Results
Synthesis and Characterization of As-TDN-R
A tetrahedron (TDN) is a three-dimensional structure based on 
DNA material.19 It can be rapidly self-assembled from four 
designed single-strand DNA (ssDNA) via Watson-Crick base 
pairing.20 To synthesize As-TDN-R previously reported meth
ods were used with slight modifications21 as shown in Table 1. 
AS1411 aptamer was strengthened on the 5ʹ end of s1, and the 
complementary strand of siRNA-R on s2. Each single-strand 
DNA formed one face of As-TDN-R, whereas the modified 
As1411 and siRNA were on the apex of the tetrahedron 
(Scheme 1).
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To confirm the successful synthesis of As-TDN-R, 3% 
agarose gel was used to separate each of the DNA samples 
based on their migration speed.22 As shown in Figure 1A, the 

first four bands represented four single-strand DNA (Lane 1: 
As-s1, Lane 2: si-s2, Lane 3: s3, Lane 4: s4). Due to external 
modification, band 1 and band 2 moved slowly compared with 

Scheme 1 Schematic illustration for the synthesis of As-TDN-R. Aptamer AS1411 is linked on the strand of s1 for selective delivery into the glioma cells. siRNA-R binds to 
survivin mRNA, inducing apoptosis of glioma. represents aptamer AS1411. represents complementary strand of siRNA-R; represents siRNA-R strand.

Figure 1 Synthesis and characterization of As-TDN-R. (A) 3% agarose gel electrophoresis analysis of As-TDN-R structure. Lane1, As-s1; Lane2, Si-s2; Lane3, s3; Lane4, s4; 
Lane 5, s1+s2+s3+s4; Lane 6, As-s1+Si-s2+s3+s4+siRNA-R. (B) Transmission electron microscope (TEM) image of As-TND-R (black circle). (C and D) Dynamic light 
scattering (DLS) analysis of TDN and As-TDN-R. (E) Agarose gel electrophoresis analysis of As-TDN-R in 10% fetal bovine serum for 48h. (F) Semiquantitative analysis of 
the relative band intensity.
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the other two bands. Besides, As-TDN-R migration (Lane 6) 
was slower compared with the single TDN (Lane 5), suggest
ing that As-TND-R was successfully formed.

The discrete and uniform state of nanoparticles were 
investigated by Transmission electron microscopy. The 
image showed that the size of As-TDN-R was approxi
mately 18nm with good dispersion (Figure 1B). 
Meanwhile, the dynamic light scattering was used to mea
sure the size distribution of As-TDN-R. Compared with 
TDN (~10 nm), As-TDN-R had a larger size of ~18 nm 

(Figure 1C and D), which was hypothesized to be due to 
the inclusion of AS1411 and siRNA.

Good stability of nanoparticles in serum is a crucial 
factor for efficient drug delivery.23 Serum stability of As- 
TDN-R was determined by placing the nanoparticles in a 
complete medium with 10% FBS at 37 °C for 48 h. 
Agarose gel electrophoresis showed that the As-TND-R 
band was observed after 48 h incubation (Figure 1E). 
Semiquantitative analysis of the relative band intensity 
showed that over 50% of As-TDN-R remained intact 

Figure 2 Expression of nucleolin (NCL) in different cell lines. (A) Expression of NCL in HUVEC, U87, and U251 cell lines detected by immunofluorescence. DAPI labeled 
nucleus (blue); CoraLite594 (red) labeled NCL. Scale bars are 25μm. (B) Western blot analysis of NCL in HUVEC, U87, and U251 cell lines. (C) Semiquantitative analysis of 
NCL in HUVEC, U87, and U251 cell lines (**p <0.01, HUVEC vs U87 and U251).
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(Figure 1F), which reflected that the nanoparticle can be a 
good siRNA cargo.

Expression of Nucleolin in Glioma Cell 
Lines
Nucleolin, a multifunctional protein that is highly 
expressed in a variety of tumors, promotes the develop
ment and progression of tumors.24,25 It is also the ligand of 
aptamer AS1411, which is a G-rich DNA oligonucleotide 
produced by SELEX technology.26 When combined with 
AS1411, nucleolin supports the cellular entry of AS1411 

as a molecular chaperone.13 As shown in Figure 2B and C, 
compared with HUVEC cells, U87 and U251 cells highly 
expressed nucleolin protein. Moreover, immunofluores
cence showed that nucleolin was localized in both the 
cytoplasm and membrane in glioma cells (Figure 2A), 
which can act as the ligand of active targeting.

Intercellular Uptake of As-TND-R
To investigate the cellular uptake of nanoparticles, U87 cells 
were treated with cy3-TDN or cy3-As-TDN-R. As shown in 
Figure 3A, both groups were stained with cy3. Earlier studies 
have shown that single and double DNA cannot cross the cell 

Figure 3 Cellular uptake of TDN or As-TDN-R in U87 cell lines. (A) The fluorescence images of cellular uptake in U87 cells after treatment with TDN or As-TDN-R for 6 
h. Scale bars are 25μm. (B) The flow cytometry results of U87 cells after treatment with TDN or As-TDN-R (labeled with cy3) for 6h. (C) Statistical analysis of flow 
cytometry in PBS, TDN, and As-TDN-R group (**p <0.01, PBS vs TDN and As-TDN-R).
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membrane due to their negative potentials.16 However, when 
single-stranded DNA forms a three-dimensional structure, it 
can be efficiently ingested by cells via endocytosis and the 
caveolin-dependent pathway.27 Compared with TDN alone, 
As-TDN-R showed more cellular uptake, which was largely 
concentrated around the nucleus, and partially gained entry 
into the nucleus. Moreover, flow cytometry analysis showed 
that 39.2% of cells were cy3 positive in the As-TDN-R group 
and 8.86% positive in the TDN group (Figure 3B and C). The 
aptamer AS1411 can combine with nucleolin, which is widely 
expressed in the cytoplasm and nucleus of tumor cells. The 

localization of the nucleolin enabled As-TND-R showed better 
permeability than TDN alone.

Besides, we also treated HUVEC cells with cy3-TDN 
or As-TDN-R. Interestingly, there was no statistical differ
ence between the two groups (Figure 4A and B). The 
results indicated that the enhanced As-TDN-R permeabil
ity was driven by AS1411 aptamer.

The Effect of As-TDN-R on Cell Viability
Survivin, an apoptotic inhibitor protein, is highly 
expressed in human gliomas, where increased expression 

Figure 4 Cellular uptake of TDN and As-TDN-R in HUVEC cell lines. (A) The fluorescence images of cellular uptake in HUVEC cells after 6 h treatment with TDN or As- 
TDN-R. Scale bars are 25μm. (B) Mean fluorescence intensity analysis of cellular uptake in U87 cells. There is no statistically significant difference between the TDN group 
and the As-TDN-R group.
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levels are related to the higher grade of malignancy.28,29 

The inhibition of survivin can result in apoptosis and 
tumor growth suppression. Therefore, we treated U87 
cells with siRNA, TDN, or As-TDN-R at concentrations 
of 150nM, respectively to detect their influence on cell 
viability. As shown in Figure 5A, a significant decrease 
was observed in the As-TDN-R group, while there was no 

statistical difference between the siRNA or TDN group. 
The results indicated that As-TDN-R can maintain the 
influence of siRNA on cell viability. Furthermore, when 
treated with a set of gradient concentrations of As-TDN-R, 
the cell viability of U87 cells decreased (Figure 5B). The 
results revealed that there was dose-dependent cytotoxicity 
of As-TND-R on U87 cell viability.

Figure 5 (A) The cytotoxicity of TDN, siRNA, or As-TDN-R at a concentration of 150nM measured by CCK-8 assay. (**p<0.01, As-TDN-R vs PBS, TDN and siRNA 
alone). (B) The cytotoxicity of As-TDN-R at different concentrations (50nM, 150nM, and 250nM) on U87 cells. (*p <0.05, 0nM vs 50nM, 100nM and 150nM). (C) TUNEL 
positive U87 cells observed under a fluorescence microscope. Scale bars are 50 μm. (D) quantitative analysis of TUNEL positive cells (***p<0.001, As-TDN-R vs PBS, TDN 
and siRNA alone).
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The Effect of As-TDN-R on Cell 
Apoptosis
We performed a terminal deoxynucleotidyl Transferase 
(TdT) mediated dUTP nick end labeling (TUNEL) assay 
and flow cytometry analysis to evaluate the effect of 
inhibition of survivin on apoptosis. In TUNEL assay, the 
3ʹ-OH on the fragments of broken DNA is added with cy3- 
labeled dUPT through the catalysis of TdT.30 

Quantification of dUPT+ cells showed nearly 40% of the 
cells were labeled with dUPT after As-TDN-R treatment. 
However, dUPT+ cells treated with TDN or siRNA as the 
control group showed similar results, with approximately 
6% of the cells labeled, which was much lower than the 
As-TDN-R group (Figure 5C and D). Flow cytometry 
analysis revealed that the As-TDN-R group showed the 
highest apoptosis rate among the four groups (Figure 6A 
and B), with an apoptosis rate of 34.3% compared with the 
other three groups 3.3%, 3.2%, 3.1%, respectively. 
Furthermore, the expression of the apoptotic effector pro
tein also showed a similar trend in the four groups 
(Figure 6C). The protein level of caspase-3 was about 
2.8-fold higher in the As-TDN-R group than that of the 
other three groups (Figure 6D). These results indicated 
that As-TND-R can induce the apoptosis of U87 cells.

Downregulation of Survivin by As-TDN- 
R in U87 Cells
To further investigate the effect of As-TND-R on the target 
genes, we detected the expression levels of survivin in U87 
cells in three different aspects. qPCR results (Figure 7C), 
showed that survivin was considerably downregulated in the 
As-TND-R group, with a mean value of 0.45-fold. Besides, 
Western blot analysis showed that the protein levels of sur
vivin was decreased in the corresponding group, and was 
0.41-times lower than that in the control and TDN alone 
groups (Figure 7A and B). Moreover, immunofluorescence 
images showed a decrease in survivin expression in the As- 
TDN-R group (Figure 7D and E), whereas the survivin 
expression in the cytoplasm and nucleus was decreased. 
Decreased expression of survivin at the gene and protein 
levels indicated a successful reduction in the translation of 
the target gene in the cytoplasm and nucleus.

Discussion
The main objective of this study was to evaluate the 
effective transportation of siRNA into gliomas cells by 
aptamer-modified DNA tetrahedrons. First, we success
fully constructed siRNA loaded, aptamer modified DNA 
tetrahedron (As-TDN-R) in a one-step synthesis. TEM 

Figure 6 (A and B) Flow cytometric analysis of cellular apoptosis in U87 cells using annexin V/PI double staining. (**p<0.01, As-TDN-R vs PBS, TDN and siRNA alone). (C) 
Western blot of caspase-3 in U87 cell lines. (D) Semiquantitative analysis of caspase-3 (**p<0.01, As-TDN-R vs PBS, TDN and siRNA alone).
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and DLS analysis revealed that the size of As-TDN-R 
was approximately 18nm. Subsequently, flow cytometry 
and fluorescence microscopy analysis revealed that the 
nanoparticle was effectively absorbed by U87 cells, but 
not HUVEC cells, indicating that the nanostructure was 
selective to glioma cells. Survivin expression analysis 
showed that the nanostructure inhibited survivin expres
sion level and induced apoptosis in gliomas.

RNA interference technology has great potential in the 
treatment of gliomas. However, RNA instability limits its 

application in clinical research. In this study, the nanoma
terials had a protective effect on RNA, thus, enhancing 
RNA stability.

Due to the lack of tissue selectivity, traditional drugs 
not only have anti-tumor effects but also cause systemic 
toxicity.31 In this study, differential expression of nucleolin 
in glioma cells and normal cells was observed, meaning 
that the receptor can be useful glioma markers.32 After 
attachment with the aptamer AS1411, the novel nanostruc
ture showed differential intercellular uptake between 

Figure 7 Gene-silencing effect of As-TDN-R on U87 cells. (A) Western blot images of survivin after treatment with TDN, siRNA, or As-TDN-R for 48 h. (B) 
Semiquantitative analysis of survivin expression at the protein level. (**p<0.01, As-TDN-R vs PBS, TDN and siRNA alone). (C) qPCR analysis of survivin at the mRNA 
level. (**p<0.01, As-TDN-R vs PBS, TDN and siRNA alone). (D) Immunofluorescence detection of survivin expression in U87 cell lines. DAPI labeled nucleus (blue); survivin 
labeled with CoraLite594 (red). Scale bars are 50μm. (E) Mean fluorescence intensity analysis of survivin (*p<0.05, As-TDN-R vs PBS, TDN and siRNA alone).
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glioma cells and normal cells. However, the exact mechan
ism of this differential uptake remains unclear. Le reported 
that the DNA tetrahedron with negative potential enters 
the cell via endocytosis and the caveolin-dependent 
pathway,27 while Reyes-Reyes showed that AS1411 
increased the permeability of the linked-material through 
nucleolin-dependent endocytosis.33 Therefore, we 
hypothesized that these two mechanisms work together 
to allow As-TDN-R to enter the cell.

Overexpression of survivin is common in tumor cells, 
which enables them to grow rapidly. In this study, Western 
blot, qPCR, and immunofluorescence showed decreased 
expression of surviving, which was associated with effi
cient gene silencing by As-TDN-R. Studies on the 
mechanism of survivin found that it can induce the inacti
vation of apoptotic effector caspase-3,34 which is consis
tent with our experimental results. The protein level of 
caspase-3 increased after the As-TDN-R treatment. 
Moreover, As-TDN-R induced apoptosis and efficient 
gene silencing by AS-TDN-R.

Conclusion
In this study, we present a successfully synthesize novel 
nanostructure (As-TDN-R) to deliver survivin siRNA for 
efficient regulation of gene expression. In contrast to 
traditional strategies, this siRNA delivery platform is 
safe, efficient, and easily manufactured. In this study, 
As-TND-R is found to efficiently enter U87 cells. 
Through overexpression of nucleolin in glioma, aptamer 
AS1411 enhances the cellular uptake by glioma cells, 
thus playing a role in active targeted delivery. Besides, 
the As-TDN-R effectively induces apoptosis in glioma 
cells which are activated by inhibiting survivin expres
sion. These findings suggested that As-DNA -R is a 
promising and efficient system for siRNA delivery into 
glioma. Due to the high editability of the DNA tetrahe
dron, further exploration of the nanostructure can greatly 
promote the application of DNA-based drug systems in 
glioma.
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