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Abstract

Objective Our research group in the early stage identified CD109 as the target of aptamer S3 in nasopharyngeal
carcinoma (NPC). This study was to use S3 to connect DNA tetrahedron (DT) and load doxorubicin (Dox) onto DT
to develop a targeted delivery system, and explore whether S3-DT-Dox can achieve targeted therapy for NPC.

Methods Aptamer S3-conjugated DT was synthesized and loaded with Dox. The effects of S3-DT-Dox on NPC cells
were investigated with laser confocal microscopy, flow cytometry, and MTS assays. A nude mouse tumor model

was established from NPC 5-8F cells, and the in vivo anti-tumor activity of S3-DT-Dox was examined by using fluores-
cent probe labeling and hematoxylin—eosin staining.

Results The synthesized S3-DT had high purity and stability. S3-DT specifically recognized 5-8F cells and NPC tissues
in vitro. When the ratio of S3-DT to Dox was 1:20, S3-DT had the best Dox loading efficiency. The drug release rate
reached the maximum (0.402 +0.029) at 48 h after S3-DT-Dox was prepared and mixed with PBS. S3-DT did not affect
Dox toxicity to 5-8F cells, but reduced Dox toxicity to non-target cells. Meanwhile, S3-DT-Dox was able to specifically
target the transplanted tumors and inhibit their growth in nude mice, with minor damage to normal tissues.

Conclusion Our study highlights the ability and safety of S3-DT-Dox to target NPC cells and inhibit the development
NPC.
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THE EFFECTS OF DOXORUBICIN LOADED
APTAMER S3-LINKED DNA TETRAHEDRONS ON
NASOPHARYNGEAL CARCINOMA
Liu X, Jiang B, Cheng A, Guo Y, Wang L, Liu W, Yin W, Li Y, Jiang X, Ren C

OBJECTIVES

To develop a targeted delivery
system using aptamer S3-DNA
tetrahedron (DT) complex to
load doxorubicin (Dox) for
treatment of nasopharyngeal
carcinoma (NPC).

METHODS

Synthesized aptamer S3-
conjugated DT loaded with
Dox on NPC cells and mouse
tumor models were
investigated using multiple
microscopic techniques.

RESULTS

S3-DT specifically

recognized NPC 5-8F cells
and NPC tissues in vitro.

S3-DT did not affect Dox toxicity
to 5-8F cells, but reduced Dox
toxicity to non-target cells.
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Introduction

Nasopharyngeal carcinoma (NPC) is an epithelial malig-
nant tumor originated from the uppermost part of the
pharynx, covering the surface of the soft palate and the
base of the skull [1]. Based on the epidemiological data
for 36 cancers in 185 countries in the 2020 GLOBO-
CAN database, it is estimated that there are more than
133,000 new cases of NPC and about 80,000 deaths
caused by NPC [2]. This malignancy is particularly preva-
lent in southern China, southeast Asia, northern Africa,
and middle East regions, showing significant ethnic and
geographic distribution characteristics [3]. Epstein-Barr
virus (EBV) infection is regarded as a potential aetio-
logical factor for NPC, which has been most extensively
discussed [4]. In addition to EBV infection, the pathogen-
esis of NPC is also associated with genetic susceptibility

S3-DT-Dox specifically targeted

transplanted tumors and inhibited

their growth in nude mice, with
minor damage to normal tissue.

and chemical carcinogens [5]. The past few decades have
witnessed the research progresses in the genomic, epig-
enomic, and immune landscapes of NPC, which provide
a theoretical grounding for the development of new bio-
markers and therapeutic targets of NPC [6]. Concurrent
chemoradiotherapy is the mainstay treatment for locore-
gionally advanced NPC, but acute and late toxicities (the
latter may appear months or even years after the end of
treatment) may be inevitable owing to high-dose radia-
tion or chemoradiotherapy [7]. Doxorubicin (Dox) is one
of the most frequently prescribed and time-tested anti-
tumor agents. The combination of ifosfamide and doxo-
rubicin is effective for treating recurrent and metastatic
NPC patients [8]. But it still faces two major challenges as
an anti-cancer chemotherapy, namely drug-caused cardi-
otoxicity and drug resistance [9]. Hence, new approaches
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that enhance the efficacy of Dox and overcome the toxic-
ity and resistance are urgently needed.

Modifications of anti-tumor drug delivery systems
have attracted great attention as they may help to deliver
chemotherapeutic agents specifically to tumor cells,
thus avoiding dose-related toxicity and off-target tox-
icity [10]. For instance, folate-conjugated polyethylene
glycol (PEG)-phosphatidylethanolamine (PE)-modified
poly(lactic-co-glycolic acid) (PLGA) nanoparticles have
been proposed to be a promising drug delivery system for
Dox and can act comprehensively to enhance the anti-
tumor efficacy [11]. Aptamers, a class of versatile nucleic
acid-based macromolecules presenting high affinity and
specificity for their targets, show great potential as tar-
geting moieties for nanocarriers to specifically recognize
selective cancer cells and transfer anti-tumor drugs to
target cells [12], expecting to increase therapeutic effi-
ciency owing to multivalent effects [13]. A recent study
has illustrated that a chimera consisting of two aptam-
ers can be applied to deliver Dox to cancer cells, which
improves the therapeutic efficacy and reduces the off-tar-
get cytotoxicity of Dox [14]. DNA tetrahedrons (DTs) are
a kind of nanostructure formed from four short single-
stranded DNA, which can be used as carriers for multi-
ple anti-tumor agents such as floxuridine, camptothecin,
and platinum drugs and deliver them to tumor cells if
appropriately designed [15]. Several studies have shown
that the widely-used anti-tumor drug Dox can be can be
inserted between DNA base pairs and be effectively deliv-
ered to drug-resistant breast cancer cells by DT with or
without aptamer modification [16, 17]. Aptamer-guided
DTs with Dox increased cytotoxicity to PTK7-positive
cells, with a minor effect on normal cells, showing poten-
tial application for T-cell acute lymphoblastic leukemia
[18]. Yet few studies focus on this delivery system in
NPC.

Our research group in the early stage identified CD109
as the target of aptamer S3 and a potential NPC bio-
marker [19]. Herein, we developed a delivery system in
which Dox was loaded into CD109-recognizing aptamer
S3-conjugated DT (S3-DT-Dox) and demonstrated its
effect on NPC.

Materials and methods

Ethics statement

The animal experiments were implemented with the
approval of the animal care committee of Xiangya Hos-
pital of Central South University and complied with
the rules and regulations and the operating norms of
the management of experimental animals and the rel-
evant ethical requirements. The experiments involving
clinical samples were approved by the ethics commit-
tee of Xiangya Hospital of Central South University.
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Each individual who provided clinical samples signed an
informed consent form.

Cell culture

The human NPC cell line 5-8F (BeNa, Beijing, China)
was grown in RPMI-1640 medium (Gibco, Grand Island,
NY, USA) containing 10% fetal bovine serum (FBS) and
supplemented with 1% penicillin/streptomycin, and
the human normal nasopharyngeal epithelial cell line
NP69 (ATCC, Manassas, Virginia, USA) was cultured in
keratinocyte serum-free medium (KSFM) under the con-
ditions of 37 °C and 5% CO,,.

Aptamer

The aptamer used in this experiment was S3 targeting the
CD109 protein on the surface of the 5-8F cells, which was
derived from the screening of NPC specific aptamers by
Wenting Jia in the same laboratory. The aptamer S3 was
screened with NPC cells as positive targets from syn-
thetic DNA libraries by Cell-based Systematic Evolution
of Ligands by Exponential enrichment and verified to be
the most specific one among the selected sequences.

Human sample collection

NPC tissues were taken from the tissue samples stored in
Xiangya hospital, Central South University. The enrolled
patients were NPC patients who visited the Otolaryn-
gological Department of Xiangya hospital and underwent
biopsy. All the nasopharyngitis tissues were resected
from nasopharyngitis patients during biopsy.

Synthesis of DT, $3-DT, DT-Cy5, $3-DT-Cy5, DT-Dox,

and S3-DT-Dox

The base sequences of four single-stranded DNA in DT
are listed in Table 1.

For synthesis of DT, 10 pL of A, B, C, and D single-
stranded DNA fragments (all at a concentration of
10 uM) were annealed at 95 °C for 10 min in 10X TAE
buffer (10 pL) and ultrapure water (50 pL), followed by
natural cooling and storing at room temperature. DT
with a final concentration of 1 uM was obtained.

For synthesis of S3-DT, 10 pL of A, B, C, and D single-
stranded DNA fragments and S3 fragments (all at a con-
centration of 10 pM) were annealed at 95 °C for 10 min in
10X TAE (10 pL) and ultrapure water (40 uL), followed by
natural cooling and storing at room temperature. S3-DT
with a final concentration of 1 uM was obtained.

For synthesis of DT-Cy5, 10 uL of A, B, C, and D-Cy5
fragments (all at a concentration of 10 puM) were
annealed at 95 °C for 10 min in 10X TAE buffer (10 uL)
and ultrapure water (50 pL), followed by natural cooling
and storing at room temperature. DT-Cy5 with a final
concentration of 1 uM was obtained.
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Table 1 Base sequences of four single-stranded DNA in DNA tetrahedron

Number Sequence

Strand 1 (A) CGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAAATTTATCACCCGCCATAGTAG
Strand 2 (B) CGATTACAGCTTGCTACACGATTCAGACTTAGGAATGTTCGACATGCGAGGGTCCAATACCG
Strand 3 (C) CGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGCCCATCCACTACTATGGCGGGTGATAAA
Strand 4 (D) CTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCGACGGTATTGGACCCTCGCATG

For synthesis of S3-DT-Cy5, 10 pL of A, B, C, and
D-Cy5 fragments and S3 DNA fragments (all at a concen-
tration of 10 uM) were annealed at 95 °C for 10 min in
10x TAE buffer (10 uL) and ultrapure water (40 uL), fol-
lowed by natural cooling and storing at room tempera-
ture. S3-DT-Cy5 with a final concentration of 1 pM was
obtained.

For synthesis of DT-Dox, 50 pL of A, B, C, and D frag-
ments (all at a concentration of 400 uM) were annealed at
95 °C for 10 min in 10X TAE buffer (40 pL) and ultrapure
water (160 pL, with a final volume of 400 pL and a final
concentration of 50 uM), followed by natural cooling
and incubation with 4 pL of 100 mM Dox for 3 h at 37 °C
to obtain DT-Dox solution (DT 50 uM, Dox 1 mM), in
which the amount of Dox was 0.233 mg.

For synthesis of S3-DT-Dox, 50 pL of A, B, C, and D
fragments and S3 fragments (all at a concentration of
400 uM) were annealed at 95 °C for 10 min in 1XTAE
buffer (40 pL) and ultrapure water (110 pL, with a final
volume of 400 pL and a final concentration of 50 pM),
followed by natural cooling and incubation with 4 pL of
100 mM Dox for 3 h at 37 °C to obtain S3-DT-Dox solu-
tion (S3-DT 50 uM, Dox 1 mM), in which the amount of
Dox was 0.233 mg.

Agarose gel electrophoresis

2.5% agarose gel was prepared, and the electrophore-
sis buffer was added into an electrophoresis tank. Next,
the prepared gel was placed in the center of the electro-
phoresis tank, and 50 bp of DNA Ladder, as the refer-
ence Marker, was added into the sample well of the gel. A
chain, A +B chain, A+B+C chain, DT, and S3-DT were
respectively mixed with the loading buffer and added to
the sample wells. After that, the lid of the electrophoresis
tank was closed, followed by turning on the electropho-
resis device. The electrophoresis parameters were set as
follows: voltage 120 V, current 400 mA, and electropho-
resis time 30 min.

Particle-size analysis

The particle size was measured using a Malvern particle
size meter. Briefly, 1 pmol of S3-DT or DT was dissolved
in 1 mL of double distilled water and placed in quartz
plates for measuring the particle size.

Stability detection of DT and S3-DT

At 37 °C without light exposure, 20 uL of DT or S3-DT
(a final concentration of 1 pM) was incubated in 20 uL
of McCoy’5A complete medium for 0, 2, 4, 6, 8, 10, 12,
and 24 h, and the samples were taken at each time point
and then stored at — 20 °C. The collected specimens were
subjected to gel electrophoresis to check the bands. Next,
20 pL of DT and S3-DT solutions (a final concentration
of 1 uM) were respectively mixed with 20 uL of FBS in
a ratio of 1:1 and then incubated at 37 °C for 1, 3, 5, and
7 h. Specimens were taken at the time points and stored
at — 20 °C for uniform gel electrophoresis.

Laser confocal analysis

5-8F or NP69 cells (1x10% were seeded and incubated
in optical dishes for 24 h. Next, cells were washed three
times with Dulbecco phosphate-buffered saline (DPBS),
and incubated in binding buffer with the addition of
Cyb5-labeled S3, S3-DT, or DT with a final concentration
of 250 nM at 37 °C for 3 h, followed by three washes in
DPBS and imaging under a laser confocal microscope
(Leica). Photographs were taken at a 63 Xlens, with an
excitation wavelength of 633 nm and an emission wave-
length of 650—750 nm.

Flow cytometry

For analysis of the ability of S3-DT to recognize NPC
cells, 5-8F or NP69 cells (4x10°) were incubated in
12-well plates for 24 h. Cells were rinsed three times with
DPBS before the experiment. The binding buffer with
Cy5-labeled S3, S3-DT, or DT (250 nM) was added to
5-8F and NP69 cells and incubated at 37 °C for 3 h. After
that, cells were washed three times with DPBS again and
suspended in 400 uL of DPBS. Cy5 fluorescence in the
cells was detected by flow cytometry.

For analysis of the uptake of the synthetic S3-DT-Dox
by NPC cells, 5-8F or NP69 cells were scraped down
from the culture flasks and washed two times with
Hanks buffer. Subsequently, cells were incubated for 1.5 h
with Dox, DT-Dox, or S3-DT-Dox at a Dox concentra-
tion of 2 uM at 37 °C. Next, the drug-treated cells were
removed, and the PBS buffer containing experimental
drugs was aspirated. The cells were washed three times
with Hanks buffer, added to medium, and continued for
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48 h-incubation at 37 °C. The cells were then rinsed two
times with Hanks buffer, fixed with 4% formaldehyde for
10 min, and analyzed by flow cytometry.

Fluorescence detection of NPC tissues

Paraffin sections of NPC tissues and nasopharyngitis tis-
sues were heated for 1 h in a 60 °C oven to fully melt the
paraffin, followed by dewaxing and hydration, and anti-
gen repair. Then the sections were immersed in antigen
repair solution, repaired under high pressure for 2.5 min,
and naturally cooled to room temperature, followed by 3
times of washing with PBS (3 min each). Subsequently,
the sections were blocked for 60 min at room tempera-
ture using aptamer blocking solution, and then cultured
at 37 °C for 2 h with biotin-modified S3, S3-DT, or DT
at a final concentration of 1 pM. Streptoavidin-modified
ZnCdSe/ZnS quantum dot (QD) fluorescent nanopar-
ticles were added and incubated at room temperature
for 30 min. ZnCdSe/ZnS quantum dots were purchased
from Wuhan Jiayuan QuantumDot Technology (Wuhan,
Hubei, China). The solvent was 50 mM Borate buffer
solution, pH=28.4, 0.05% NaN,, concentration 1.0 pM,
diluted at 1:100 during use, with excitation wavelength
of 488 nm and emission wavelength of 605 nm. After
3 times of washing with PBS (5 min each), the sections
were sealed with an anti-fluorescence quencher and pho-
tographed under a fluorescence microscope with an exci-
tation wavelength of 488 nm and an emission wavelength
of 600 nm.

Optimum loading ratio of Dox in DT

When Dox was intercalated into DNA, its fluorescence
would be quenched, which can be used to identify the
efficiency of Dox intercalation into DNA structure.
Briefly, 50 pL of 2 pM Dox (in TAE) was separately
added with 0, 0.1, 0.5, 1, 2, 5, and 10 pL of S3-DT or DT
(at a concentration of 1 pM), and added to 100 pL using
1XTAE), so that the final concentration of S3-DT or
DT was 0 nM, 1 nM, 5 nM, 10 nM, 20 nM, 50 nM, or
100 nM. The samples were incubated at 37 °C for 3 h, and
the fluorescence spectrum of Dox was measured with a
fluorometer, with an excitation wavelength of 480 nm
and an emission wavelength of 540-700 nm. The drug
loading curves of different DNA nanostructures at dif-
ferent molar ratios were plotted. Finally, the optimal drug
loading ratio was obtained.

Release efficiency of Dox

10 uL of S3-DT (1 uM), 50 pL of Dox (4 uM), and 10 pL
of 1XTAE (pH=5) (a total volume of 100 pL) were
incubated at 37 °C for 3 h to prepare S3-DT-Dox com-
plexes (100 nM S3-DT and 2 uM Dox). The above solu-
tion was mixed with 100 pL of PBS, and then centrifuged
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(8000 rpm, 3 min) in a 3 K ultrafiltration tube. The filtrate
containing the released Dox was obtained at various time
points (0.5, 1, 2, 4, 8, 12, 24, 36, and 48 h). The fluores-
cence intensity of Dox in the filtrate was measured by a
fluorometer, and the filtrate was put back into the ultra-
filtration tube after the measurement. The drug release
rate was calculated by the released Dox/total Dox (the
fluorescence intensity of the filtrate after ultrafiltration of
1 pM Dox without S3-DT).

3-(4,5-Dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium (MTS) cell-viability assay

5-8F cells and NP69 cells in the logarithmic growth phase
were trypsinized. After the cells were counted, cell sus-
pension was made with a complete medium, and 5x 103
cells were seeded in each well of a 96-well plate and then
cultured at 37 °C for 24 h. Adherent cells were washed
two times with Hank’s buffer, followed by addition of
an appropriate amount of PBS. Free Dox, DT-Dox, and
S3-DT-Dox were added to the wells, and the final con-
centrations of Dox in each well were 0.01, 0.02, 0.2, 1,
2, 5, 10, 20, and 40 pM, respectively. Drug-treated cells
were incubated at 37 °C for 2 h, washed three times with
Hank’s buffer, and then cultured with medium containing
1% serum at 37 °C for 48 h. After that, the survival of cells
in the 96-well plate was observed with an inverted micro-
scope. After the removal of the culture medium, the cells
were rinsed two times with Hank’s buffer. Next, 100 pL of
serum-free medium was added to each well of the 96-well
plate, followed by addition of 20 uL of the prepared MTS
reagent (thawed MTS and PMS mixed at a ratio of 20:1).
Light should be avoided during the above process. The
96-well plate supplemented with MTS reagent was incu-
bated at 37 °C for 4 h, and the absorbance was measured
at a wavelength of 490 nm with a microplate reader.
According to the measured absorbance value, the cell via-
bility was calculated, and the survival curve was plotted.

Western blot

Cells were lysed using radioimmunoprecipitation assay
lysis buffer (Beyotime, Shanghai, China) to obtain
protein samples. After the protein concentration was
measured with a BCA kit (Beyotime), the correspond-
ing volume of proteins were mixed with the loading
buffer (Beyotime) and heated in a boiling water bath for
3 min to denature the protein. Then, the protein sam-
ples were separated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, transferred onto
membranes (300 mA), and blocked in blocking solu-
tion at room temperature for 60 min or 4 °C overnight.
Next, the membranes were incubated for 2—-4 h with
primary antibodies against CD109 (35717S, 1:1000,
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CST, Boston, MA, USA) and glyceraldehyde phosphate
dehydrogenase (GAPDH) (5174S, 1:1000, CST), fol-
lowed by 1 h-incubation with a secondary antibody.
Lastly, the membranes were added with developer, and
the detection was performed using a chemilumines-
cence imaging system (Bio-Rad, Hercules, CA, USA).

Animal experiments

Forty-eight BALB/c nude mice (4—6 weeks old, 16 +2 g)
of specific pathogen free (SPF) grade from the Labora-
tory Animal Resources of Chinese Academy of Sciences
(Shanghai, China) were raised in a SPF grade sterile
laminar flow chamber at constant temperature (25—
28 °C) and constant humidity (about 50%). They were
individually housed with free access to water and food
under 12-h light/dark cycles. The padding was replaced
every 3 days aseptically.

Fluorescence probe targeting and intra-organ
metabolism experiments: 5-8F cells were injected
into the armpit of the forelimbs of nude mice with
1x107 cells per mouse, and the tumor was formed
(5 mm X4 mm X4 mm) after 1-2 weeks for subsequent
experiments. The nude mice were subjected to injection
of 100 uL of DPBS, 100 pL of 50 uM S3-Cy5, 100 pL
of 50 uM S3-DT-Cy5, or 100 pL of 50 uM DT-Cy5 via
the tail vain, which were grouped as DPBS, S3, S3-DT
or DT group, respectively (n=6 mice/group). Subse-
quently, the above DNAs circulated in the mouse for
2 h, so that the aptamers were targeted to cancer tis-
sues. The above mice were placed in a box containing
isoflurane air for anesthesia. They were then placed in
a small animal imager and imaged in the Cy5 fluores-
cence channel with the exposure time of 10 s. After
that, the mice were dissected to obtain the organs,
which were washed with DPBS, placed in petri dishes
in sequence, and imaged with the small animal imager
in the Cy5 fluorescence channel with the exposure time
of 10s.

For tumor xenografts analysis, 1x 10’ tumor cells per
mouse were injected into the armpit of the forelimbs of
nude mice, and the subsequent experiments were per-
formed when the tumors grew to 50 mm?. Four groups of
tumor-bearing mice (DPBS, Free Dox, S3-DT-Dox, and
DT-Dox, 6 mice for each group) were taken and respec-
tively injected with 100 uL of DPBS, 100 uL of 1 mM free
Dox, 100 pL of 50 uM S3-DT-Dox, or 100 pL of 50 uM
DT-Dox (the amount of Dox was 3.5 mg/kg) through the
tail vein every three days (1, 4, 7, and 10 days). From the
first injection, the tumor volume was measured every two
days for 14 days. On day 14, the mice were euthanized,
and the tumors were isolated and weighed. Heart, liver,

Page 6 of 13

spleen, lung, and kidney tissues were taken and made
into paraffin-embedded sections.

Hematoxylin and eosin (HE) staining

The heart, liver, spleen, lung, and kidney tissues were
fixed, dehydrated, and then cut into 5 pm thick slices
with a microtome. Sections were routinely deparaffi-
nized, stained with hematoxylin solution for 10 min,
differentiated with 1% hydrochloric acid alcohol for
several seconds, treated with 0.6% ammonia water
for several seconds, counterstained with 0.5% eosin
solution for 1-3 min, rinsed with tap water for 5 min,
and rinsed with deionized water for 1 min, followed
by routine dehydration, clearing, drying, and mount-
ing. Finally, images were captured under a microscope
(Olympus, Tokyo, Japan).

Statistical analysis

Statistical analysis and graphing of data were per-
formed using SPSS 18.0 (IBM Corp., Armonk, NY,
USA) and GraphPad Prism 7.0. Data were presented as
mean + standard deviation. The comparison between
two groups was performed using the ¢ test, and the
comparisons among multiple groups were conducted
using one-way analysis of variance and Tukey’s post
hoc test. A difference with P<0.05 was considered to be
statistically significant.

Results

CD109 expression in 5-8F and NP69 cells

Aptamer S3 specifically recognizes and binds to the
CD109 antigen on the surface of 5-8F cells, but cannot
recognize the control NP69 cells. Western blot was per-
formed to test CD109 protein expression in 5-8F cells
and NP69 cells, and the results revealed that CD109
protein expression could be detected in 5-8F cells but
not in NP69 cells (Fig. 1).

Synthesis and stability analysis of DT and S3-DT
DT was synthesized from four single-stranded DNAs
through complementary pairing (Fig. 2A). Because the
A, B, C, and D chains all formed complementary pairs,
the molecular weight of the complex would gradually
increase with the increase in the chains. Therefore,
we utilized gel electrophoresis to detect the molecu-
lar sizes of A chain, A+ B chain, A+B+ C chain, DT,
and S3-DT. The results showed that the molecular size
order was S3-DT>DT>A+B+C>A+B>A (Fig. 2B),
indicating that we correctly synthesized DT and S3-DT
which could be used for subsequent experiments.

Next, the particle sizes of DT and S3-DT were meas-
ured by a Malvern particle sizer (Fig. 2C). The particle
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Fig. 1 CD109 expression in 5-8F and NP6&9 cells. Western blot was performed to test CD109 protein expression in 5-8F cells and NP69 cells. The

experiments were repeated thrice. **P<0.01

size of DT was 14.23+3.79 nm, PDI was 0.293 +0.05,
and the particle size of S3-DT was 23.02+6.54 nm,
PDI was 0.378 £0.06; both of them had a single peak,
indicating that the synthesized DT and S3-DT had high
purity and good homogeneity.

In order to test the stability of DT and S3-DT, we incu-
bated DT or S3-DT in a complete medium for different
times and in 1:1 FBS for different times and then assessed
the degradation of DT and S3-DT by gel electrophore-
sis. DT and S3-DT incubated in the complete medium
for 12 h or less presented no significant degradation, and
S3-DT with the 24-h incubation in the complete medium
degraded to a certain extent (Fig. 2D). DT and S3-DT
incubated in 1:1 FBS for 5 h or less showed no signifi-
cant degradation, whereas there was slight degradation of
S3-DT in 1:1 FBS upon 7 h incubation (Fig. 2E). DT sta-
bility was slightly reduced with the aptamer S3 ligation.
Nonetheless, both DT and S3-DT showed good overall
stability.

Identification of NPC cells and tissues by S3-DT

We labeled DT, S3, and S3-DT with Cy5 to obtain
DT-Cy5, S3-Cy5 and S3-DT-Cy5 respectively, which were
then incubated with 5-8F or NP69 cells. Laser confocal
microscopy was implemented to examine whether S3-DT
could recognize and enter 5-8F or NP69 cells. Since DT
had no ability to specifically recognize 5-8F and NP69
cells and differentiate between them, red fluorescence
of DT-Cy5 could be observed in both 5-8F and NP69
cells. Since aptamer S3 had specific recognition of 5-8F
cells, red fluorescence of S3-Cy5 could be observed only
in 5-8F cells but not in NP69 cells. Meanwhile, S3-DT-
Cy5 red fluorescence was observed only in 5-8F cells and
not in NP69 cells (Fig. 3A). The above-mentioned results
implied that the aptamer S3 could only recognize 5-8F
cells, and that the connection of S3 to DT did not affect
S3’s ability to specifically recognize 5-8F cells.

In addition, the ability of S3-DT to recognize NPC
cells was analyzed by flow cytometry. The results showed
that the fluorescence of DT-Cy5 was not different in
NP69 and 5-8F cells and that the fluorescence intensity
of S3-Cy5 and S3-DT-Cy5 in 5-8F cells was significantly
higher than that in NP69 cells (red: blank control; blue:
Cy5-labeled DNA incubated with cells) (Fig. 3B), indi-
cating that DT-Cy5 has no specific ability to recognize
5-8F or NP69 cells. The blue fluorescence of S3-Cy5 and
S$3-DT-Cy5 in NP69 cells almost overlapped with the red
fluorescence in blank control cells, indicating that neither
$3-Cy5 nor S3-DT- Cy5 has the specific ability to recog-
nize NP69 cells. While in 5-8F cells, the fluorescence of
$3-Cy5 and S3-DT-Cy5 was stronger in comparison with
that of DT-Cy5, indicating that both S3-Cy5 and S3-DT-
Cy5 can specifically recognize 5-8F cells. Moreover,
the similar Cy5 fluorescence intensities of S3-Cy5 and
S3-DT-Cy5 reflected that there was no notable difference
between S3-Cy5 and S3-DT-Cy5 in the ability to identify
5-8F cells. This result was consistent with the aforesaid
laser confocal analysis, revealing that the aptamer S3 can
specifically recognize 5-8F cells and that the connection
of S3 to DT hardly affects the specific recognition ability
of S3.

We further examined the ability of S3-DT to identify
clinical NPC tissues and control nasopharyngitis tis-
sues. In NPC tissues, red fluorescence was observed
in the S3 and S3-DT groups but not in the DT group,
while in nasopharyngitis tissues, no red fluorescence was
observed in the S3, S3-DT, and DT groups (Fig. 3C). The
results showed that both S3 and S3-DT could target NPC
tissues but could not identify normal tissues, which pro-
vided the basis for subsequent targeted therapy.

Effects of dox-loaded S3-DT on NPC cells

The Dox fluorescence detection results suggested that
the fluorescence intensity decreased with the increase
of S3-DT or DT concentration (Fig. 4A), implying that
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Fig. 2 Synthesis and analysis of DT and S3-DT. A Four single-stranded DNA fragments formed a regular tetrahedral structure (pyramid shape)
through complementary pairing. B Gel electrophoresis was utilized to detect the molecular sizes of A chain, A+ B chain, A+B+C chain, DT,
and S3-DT. C The particle size of DT was 14.23+3.79 nm, and that of $3-DT was 23.02+6.54 nm. D DT or S3-DT was incubated in a complete
medium for 0-24 h and then detected by gel electrophoresis. E DT or S3-DT was incubated in 1:1 FBS for 0-7 h and then detected by gel

electrophoresis. The experiments were repeated thrice

with the increasing S3-DT or DT concentration, more
and more Dox was loaded on S3-DT or DT. After
reaching 50 nM, further increases in the concentration
of S3-DT or DT could not reduce the Dox fluorescence
intensity, indicating the optimal drug loading efficiency
(by this time the ratio of S3-DT or DT to Dox was 1:20).

We then evaluated the efficiency of Dox release by
examining the fluorescence intensity of Dox after its
loading on S3-DT. The results showed that with the
extension of time, the release of Dox was gradually
elevated, and the maximum release rate was reached at
48 h (0.402 +0.029) (Fig. 4B).
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tested by flow cytometry to analyze the ability of S3-DT to identify NPC cells. C. The recognition ability of S3-DT for NPC tissues was detected using

fluorescence. The experiments were repeated thrice

After loading Dox on the S3-DT, we examined the
uptake of the obtained S3-DT-Dox by NPC cells using
flow cytometry. The results demonstrated that in NP69
cells, the Dox fluorescence intensity exhibited significant
difference in the free Dox and DT-Dox groups when com-
pared to that in the blank control group (Fig. 4C), sug-
gesting that the Dox in the free Dox and DT-Dox groups
was able to enter NP69 cells. However, the Dox fluores-
cence intensity of the S3-DT-Dox group overlapped with
that of the blank control group, indicating that the loaded
Dox could not enter NP69 cells because of the inabil-
ity of S3 to recognize NP69 cells. In 5-8F cells, the Dox
fluorescence intensities in the free Dox, DT-Dox, and
S3-DT-Dox groups were significantly different in com-
parison to the blank control group, demonstrating that
the Dox in all the three groups could enter 5-8F cells. The
above results indicated that S3-DT-Dox specifically rec-
ognized 5-8F cells and delivered the loaded Dox into the
cells. Meanwhile, S3 prevented the DT or DT-Dox from
entering non-target cells and might reduce the damage to
them.

Subsequently, the cytotoxicity of S3-DT-Dox to 5-8F
and NP69 cells was evaluated by MTS assay. There were
no significant differences in the toxicity of free Dox

or DT-Dox to 5-8F and NP69 cells, but the toxicity of
S$3-DT-Dox to 5-8F was higher than its toxicity to NP69
(Fig. 4D). The IC50 values of free Dox and DT-Dox in
5-8F cells were not significantly different, but the IC50
value of S3-DT-Dox in 5-8F cells was greatly reduced.
The IC50 value of S3-DT-Dox in NP69 cells was signifi-
cantly higher than that of free Dox and DT-Dox (Fig. 4E).
Taken together, the data indicated that S3-DT did not
reduce the toxicity of Dox to 5-8F cells, but reduced the
toxicity of Dox to non-target NP69 cells.

Effects of S3-DT-Dox on growth of transplanted tumors

and tissue damage in nude mice

We injected Cy5-labeled S3, DT, and S3-DT into nude
mice with transplanted tumor through the tail vein
to observe the distribution and tumor targeting of S3,
DT, and S3-DT in mice by in vivo imaging. The results
showed that no Cy5 fluorescence was observed in the
DPBS group, no Cy5 fluorescence was observed in the
tumor site of the DT group, and Cy5 fluorescence was
observed in the transplanted tumors of both the S3 and
S3-DT groups (Fig. 5A), revealing that aptamer S3 and
S3-DT could target the transplanted tumor tissues. In
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addition, the fluorescence in the S3-DT group was more  compared to DPBS (DPBS vs. free Dox, P<0.001). The
likely to accumulate in the tumor site of the nude mice, tumor inhibition of DT-Dox was comparable to that of
and the fluorescence aggregation in other tissues and free Dox (DPBS vs. DT Dox, P<0.001; free Dox vs. DT
organs was significantly reduced. Dox, P>0.05). S3-DT-Dox, due to its tumor-targeting
Next, we injected the Dox-loaded S3-DT into the nude properties, had a better inhibitory effect on tumors than
mice through the tail vein to observe the effect of S3-DT-  free Dox (S3-DT-Dox vs. free Dox, P<0.001) and DT-
Dox on xenograft tumors in nude mice. We found that Dox (S3-DT-Dox vs. DT Dox, P<0.001) (Fig. 5C-E).
there were no significant change in the body weight and Finally, we examined the impact of S3-DT-Dox on the
no difference in the weight among the groups (Fig. 5B, damage of other tissues (heart, liver, spleen, kidney, and
P>0.05). Free Dox significantly inhibited tumor growth lung tissues). Compared with free Dox and DT-Dox,
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S3-DT-Dox had less damage to normal tissues, espe-
cially the kidney (Fig. 5F). The above results suggest that
S3-DT-Dox can achieve targeted therapy for NPC and
reduce the toxicity to non-tumor tissues.

Discussion

Advancements have been achieved in the management,
radiotherapy, chemotherapy, and accurate tumor stag-
ing for NPC, contributing to the improvement of overall
prognosis [20]. Among the chemotherapies, Dox has suc-
cessfully treated recurrent metastatic NPC [21]. In this
study, we set out to develop a delivery tool for Dox and
our findings suggested that S3-DT-Dox could recognize
target NPC cells and specifically deliver Dox to NPC cells
to maintain its toxic effect on tumor cells without damag-
ing normal cells. Furthermore, in vivo experiments evi-
denced that S3-DT-Dox not only targeted tumor grafts
and exerted superior tumor-inhibitory activity compared
to either free Dox or DT-Dox, but also attenuated the
toxicity of Dox to other tissues.

Aptamers such as E3 aptamer have been extensively
considered ideal for drug targeting due to their high-
affinity and small size [22]. In a recent study, a modified
aptamer-bound microfluidic chip shows a capture rate
of ~90% in reorganizing NPC cells [23]. Our findings
offered both in vitro and in vivo evidence suggesting
the excellent ability of S3-DT-Dox to recognize NPC
cells and inhibit NPC growth. Additionally, S3-DT-Dox
exerted less toxicity to normal cells and organs. Mul-
tiple systems have been suggested as effective carriers
of Dox for improvement of drug efficacy and attenu-
ation of drug toxicity. A prior study has described a
novel system consisting of PLGA-PEG-folate nanopar-
ticles encapsulated with Dox, perfluorooctyl bromide
(PFOB), and indocyanine green (ICG) as a targeted
chemotherapeutic carrier traceable by either '°F mag-
netic resonance imaging (MRI) or near infrared (NIR)
imaging, which holds great promise in diagnostic and
therapeutic uses [24]. Also, the GE11-engineered gra-
phene quantum dots (GQDs@GE11)/cisplatin (CDDP)/
Dox nanoprobe shows a specific targeting effect that
allows it to be recruited to the tumor site and fur-
ther represses tumor cell proliferation [25]. More
recently, another preliminary study has indicated that
a 2-methoxyestradiol-emulsified drug delivery system
can augment the cellular uptake of Dox by adriamycin-
resistant breast cancer MCF-7 cells, showing prom-
ise to potentiate anti-tumor efficiency [26]. DT has
also shown potential as a new nanocarrier system for
improving the delivery of tumor-targeting drugs. An
L-DNA tetrahedron is capable of targeting cancer cells
and can strengthen the tumor accumulation of Dox and
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limit the Dox-induced cardiotoxicity [27]. DT holds
great promise as an efficient carrier of Dox into drug-
resistant breast cancer cells and a good candidate avail-
able for overcoming drug resistance of cancer cells [16].
Likewise, MUCI1-targeting DT-conjugated AS1411
aptamer nanocarrier of Dox can reduce the drug cyto-
toxicity and resistance, whereby improving the drug
efficacy in breast cancer [17]. Partially consistent with
these findings, this study demonstrated that DT-Dox
could also transfer Dox into 5-8F cells; however, only
S3-DT-Dox specifically recognized 5-8F cells and did
not affect the tumor-suppressive effect of Dox almost
without damaging normal cells and tissues.

This study demonstrates that the prepared S3-DT
specifically recognizes NPC cells, enhances the delivery
of Dox, does not affect the toxicity of Dox on NPC cells,
and reduces the toxicity of DOX on normal cells and
organs. This modified delivery system possesses thera-
peutic promise for improving the prognosis of NPC
patients.
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