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The clinical administration of epirubicin (Epi) in the treatment of cancer has been restricted, owing to its
cardiotoxicity. Targeted delivery of anticancer agents could increase their therapeutic efficacy and decrease
their off-target effects. In this study, a novel Epi-DNA diamond nanostructure (DDN) conjugate containing two
kinds of aptamers (MUCL and ATP aptamers) was designed and evaluated in the treatment of target cells,
including C26 cells (murine colon carcinoma cell) and MCF-7 cells (breast cancer cell. DDN and Epi-DDN
conjugate formations were analyzed by gel retardation assay and fluorometric analysis, respectively. Release
profiles of Epi from the developed Epi-DDN conjugate were evaluated at pHs 5.4 and 7.4. For the MTT assay
(cell viability study), CHO cells (Chinese hamster ovary cell, nontarget), C26 and MCF-7 cells (target) were
treated with the Epi-DDN conjugate, DDN, Epi, Epi-DDN conjugate without ATP aptamer and Epi-DDN
conjugate without MUC1 aptamer. Internalization of the Epi-DDN conjugate was assessed by flow cytometry
analysis and fluorescence imaging. Finally, the designed Epi-DDN conjugate was utilized for inhibition of tumor
growth in vivo. 10 uM Epi was efficiently loaded in 1 uM DDN. The drug was released from the Epi-DDN

conjugate in a pH-sensitive manner (higher release in acidic conditions). The results of flow cytometry analysis
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Accepted 21st February 2017 and fluorescence imaging confirmed that the developed Epi-DDN conjugate was effectively internalized into

target cells, but not into nontarget cells. The results of the MTT assay were consistent with the internalization
data. The Epi-DDN conjugate had more cytotoxicity in MCF-7 and C26 cells and less cytotoxicity in CHO cells
in comparison with Epi alone. Moreover, the Epi-DDN conjugate could effectively prohibit tumor growth in vivo.
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Colon cancer is a major reason of cancer-related death
throughout the world.?

1. Introduction

Breast cancer is the most common cancer among women,
associated with high rates of death. Surgery and chemotherapy
are prevalently utilized for the treatment of this cancer."”
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Epirubicin (Epi), a chemotherapy drug, is commonly used
for the treatment of different malignancies, such as breast,
gastric, colon, bladder and ovarian cancers.*® Clinical applica-
tion of Epi has been restricted, owing to its cardiotoxicity and
bone marrow suppression.”®

Targeted delivery of anticancer drugs by nanoparticles
increases the internalization of chemotherapeutic agents into
cancer tissues and decreases their side effects.**°

Nowadays, aptamers are broadly used as smart ligands for
targeted delivery of anticancer drugs. Aptamers are single-
stranded DNA or RNA molecules, screened by an in vitro selec-
tion approach, called SELEX (systematic evolution of ligands by
exponential enrichment).""* They specifically and tightly bind
to a broad range of heterogeneous targets, ranging from small
molecules to whole cells.”*** Compared to antibodies, aptamers
exhibit significant advantages, such as small size, high repro-
ducibility, no toxicity and immunogenicity, high thermal
stability, low cost and the ease of synthesis and modifica-
tion.”*** In addition, aptamers have smaller size in comparison
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with antibodies, resulting in faster and more penetration of
aptamers into solid tumors.” Due to these characteristics,
aptamers are promising targeting ligands for application in
medicine such as therapeutic and diagnostic applications.”**

MUC1 aptamer named S2.2 binds with high affinity to
abnormally glycosylated mucin-1, a cell surface glycoprotein
which expresses in many cancers, such as breast, colon, lung
and ovarian cancers.”*>*

In this paper, a novel MUC1 aptamer-based DNA diamond
nanostructure (DDN) was designed for targeted delivery of
Epi to tumor cells in vitro and in vivo. The designed DDN was
a DNA nanostructure containing short DNA building blocks.
It had promising characteristics, including monodispersity
and excellent stability. Also, large amounts of Epi, as an
intercalating agent, could be loaded in DDN, because of
the presence of high amounts of double-stranded DNA
sequences in the construction of DDN. Moreover, in this
study, ATP aptamer was applied in the building blocks of
DDN, in addition to MUC1 aptamer (Fig. 1). Presence of ATP
aptamer could facilitate disassembly of DDN in lysosome
which has high amounts of ATP, leading to more and fast
release of Epi from the DDN because it has been proved that
aptamer binds to its corresponding target with a higher
binding constant relative to its complementary strand.>*¢
These features maked the designed DDN an ideal nanocarrier
for delivery of Epi.

--- MUCI Apt
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2. Materials and methods

2.1. Materials

All the oligonucleotides were synthesized by a Polygen DNA
synthesizer (Polygen, Germany) (Tables 1 and S1f). 10k
centrifugal device was purchased from PALL (USA). Rat serum
and Epirubicin (Epi) were obtained from Sigma-Aldrich (USA).

2.2. Cell culture

CHO (C111, Chinese hamster ovary cell), C26 (C532, murine
colon carcinoma cell) and MCF-7 (C135, breast cancer cell) cells
were purchased from Pasteur Institute of Iran and cultured in
RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum
(FBS, heat inactivated, Gibco) and 100 units per mL penicillin-
streptomycin (Sigma-Aldrich).

2.3. Preparation of DDN

In T™ buffer (10 mM Tris-HCl, 50 mM MgCl,, pH 7.4) three
ssDNAs (A, B and C) were mixed (final concentration of each
strand was 20 uM) in microtube 1. The solution was heated at
90 °C for 5 min and then cooled to 4 °C. The same treatment was
done for other three ssDNAs (D, E and F) in microtube 2. The
two microtubes were mixed and incubated for 2 h at room
temperature. Formation of DDN was analyzed by 2% agarose gel
electrophoresis. The size of DDN was investigated by a particle
size analyzer (Malvern, UK).

,-ATP Apt
4

Disassembly of diamond
shape structure in the
presence of ATP

---- MUCI Apt

Digestion of
oligonucleotides in the
presence of lysosomal
nucleases

a» Epirubicin

Fig. 1 Schematic description of Epi-DDN conjugate formation and disassembly.
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Table 1 Oligonucleotide sequences used in this study for the formation of Epi-DDN conjugate. The underlined sequences are aptamers.

Complementary strands have been shown with the same color

Oligonucleotide Sequence (from 5’ to 3')

A (containing ATP aptamer)

AACCTGGGGGAGTATTGCGGAGGAAGGTCGTGGGAATCTACTATGGCGGCTCTTC

B TTCAGACTTAGGAATGTGCTTCCCACGACCTTCCTCCG

C (containing MUC1 aptamer)

TTTTTTACATTCCTAAGTCTGAAACATTACAGCTTG

CTACACGAGAAGAGCCGCCATAGTA
D CAATACTCCCCCAGGTTCGGAGGAAGGACCTTCCTCTCTACTATGGCGGCTCTTC

E (containing ATP aptamer)

AACCTGGGGGAGTATTGCGGAGGAAGGTCCTTCCTCCG

F (containing MUC1 aptamer)

2.4. Serum stability of DDN

Serum stability of DDN was evaluated by agarose gel electropho-
resis. 10 pM DDN was treated with rat serum. After 12 h,
the samples were extracted by phenol-chloroform, followed
by visualizing undigested DDN on a 2% agarose gel electrophoresis.

2.5. Epi loading onto the DDN

To assess Epi-DDN conjugate formation and specify the amount
of drug loading in DDN, different concentrations of DDN (0-5
uM) were incubated with a constant concentration of Epi (20 pM)
in phosphate buffer saline (PBS, pH 7.4) and fluorescence spectra
were recorded by a Synergy H4 microplate reader (BioTeK, USA).

2.6. Release profile of Epi from the Epi-DDN conjugate

Epi-DDN conjugate was added to citric acid-sodium phosphate
dibasic buffer with pHs 7.4 and 5.5. At specific time intervals (0-
72 h), the Epi-DDN conjugate was separated from the buffer by
a 10k centrifugal device and the amount of released Epi was
determined by recording fluorescence intensities, Agx = 480 nm
and Ag,, = 600 nm.

2.7. Flow cytometry analysis

C26, CHO and MCF-7 cells were seeded in 12-well plates (2 x
10> cells per well). Cells were treated with 10 uM Epi and Epi-
DDN conjugate (with the same amount of Epi) for 3 h. Then,
cells were incubated with trypsin-EDTA for 7 min. After that,
the cells were resuspended in PBS for analysis of Epi fluores-
cence on a BD Accuri C6 flow cytometer (BD Biosciences, US).
The data were analyzed by Flow]o 7.6.1 software.

2.8. Fluorescence imaging

The internalization of Epi-DDN conjugate into MCF-7 and CHO
cells were assessed by fluorescence microscopy. Collagen-
treated cover slips (0.1% collagen in acetic acid) were placed
in the wells of a 6-well plate. The cells (1 x 10> per well) were
allowed to adhere to the surface collagen-treated cover slips
overnight. Then, the cells were washed with PBS and incubated
with 4 uM Epi and Epi-DN conjugate (4 pM Epi) for 3 h. Next, the
cells were rinsed 5 times with cold PBS and fixed with 4%

This journal is © The Royal Society of Chemistry 2017

TTTTTTCAATACTCCCCCAGGTTACGTGTAGCAAGC

TGTAATGAGAAGAGCCGCCATAGTA

formaldehyde for 15 min. The fluorescent cells were visualized
using an inverted fluorescent microscope (CETI, UK).

2.9. MTT assay

Escalating-dose studies of Epi (0-10 uM), showed that ICs, of
Epi for CHO, MCF-7 and C26 cells were 2.5, 3.5 and 2 uM,
respectively. To investigate cell viability, CHO, C26 and MCF-7
cells were seeded in 96-well plates (5 x 10° cells per well).
Cells were incubated with Epi (according to the results of
escalating-dose studies), DDN, Epi-DDN conjugate without ATP
aptamer, Epi-DDN conjugate without MUC1 aptamer and Epi-
DDN conjugate (with the same concentration of Epi) for 3 h.
Thereafter, supernatants were eliminated and fresh culture
medium was added to each well. Then, cells were incubated for
72 h at 37 °C. Next, 10 uL. MTT was added to each well for 3.5 h.
Subsequently, 100 uL DMSO was added to each well and Asys
was measured by the microplate reader.

2.10. In vivo efficacy of the designed Epi-DDN conjugate

Balb/c mice (6 weeks) were obtained from Pasteur Institute of
Iran. Animals were maintained in accordance with the guide-
lines of Mashhad University of Medical Sciences, Mashhad,
Iran, and approved by the institutional ethical committee (IEC)
of Mashhad University of Medical Sciences. The mice were
subcutaneously injected with 3 x 10° C26 cells in the right
flank. When the diameter of the tumor reached around 100-200
mm?, the mice were blindly divided to several groups (5 mice in
each group) for sample treatment. Afterwards, solid tumor
bearing mice were treated with one dose of different treatments,
including Epi-DDN conjugate (equal to 2.4 mg kg™ Epi per
mouse), Epi (equal to 2.4 mg kg~ ' Epi per mouse) and normal
saline as blank control, intravenously. The tumor volumes were
measured with a caliper every 4 days up to 16 days.

2.11. Statistical analysis

Statistical tests were carried out using the Student's ¢-test. Data
are means + SD, n = 3 independent treatments. P values less
than 0.05 means as significant; whereas p > 0.05 is considered
that data are not significantly different.

RSC Adv., 2017, 7, 1518115188 | 15183
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3. Results
3.1. Characterization of prepared DDN

The formation of DDN was verified using gel retardation assay.
As indicated in Fig. 2(a), the band of DDN was retarded relative
to the bands of other DNA combinations lacking one or more
strands. The size of DDN and Epi-DDN conjugate were about 24
and 24.5 nm as measured by the particle size analyzer. Stability
analysis showed that the band of DDN was sharp after 12 h
incubation with serum, confirming stability of the designed
DDN in biological samples like serum (Fig. 2(b)).

3.2. Epi loading in the DDN

Fluorometric analysis was used to evaluate the formation of Epi-
DDN conjugate. Epi fluorescence characteristic, as an inter-
calating agent, decreases following its binding to DNA.**” Fig. 3

a)

b)

Fig. 2 (a) Agarose gel electrophoresis of DDN. Lane 1: A sequence,
lane 2: A sequence + B sequence, lane 3: A sequence + B sequence +
C sequence (pyramid 1) and lane 4: pyramid 1 + pyramid 2 (D, E and F
sequences) (DDN) (from left to right, respectively). (b) Serum stability of
DDN. Lane 1: DDN and lane 2: DDN after incubation with serum for
12 h (from right to left, respectively).
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Fig. 3 Fluorescence spectra of Epi (20 puM) after treatment with
increasing concentrations of DDN (from top to bottom 0, 0.2, 0.5, 1, 2,
5 uM).

indicates the quenching profile of Epi fluorescence spectra after
incubation with different amounts of DDN (0-5 pM) to
a constant concentration of drug (20 uM). Results showed that
the maximum quenching of Epi occurred at 1 : 10 mole ratio of
DDN to Epi.

3.3. pH-triggered Epi release from DDN

Release of drug from Epi-DDN conjugate was pH-dependent. In
acidic condition (pH 5.5), simulating the pHs of lysosome and
cancer cell environment, around 54% of Epi was released from
the conjugate in 72 h at 37 °C (Fig. 4), while only about 18% of
drug was released from the Epi-DDN conjugate after the same
treatment at pH 7.4.

3.4. Internalization assay

The fluorescent images of MCF-7 and CHO cells after treatment
with Epi-DDN conjugate and Epi have been shown in Fig. 5. The
images indicated more internalization of Epi-DDN conjugate
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Fig. 4 Profile of Epi release from Epi-DDN conjugate in citric acid—
sodium phosphate dibasic buffer at 37 °C at pH 7.4 (bottom) and at pH
5.5 (top).
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a)

Fig. 5 Fluorescent images of MCF-7 cells after treatment with Epi-
DDN conjugate (a) and Epi (b). Fluorescent images of CHO cells after
treatment with Epi-DDN conjugate (c) and Epi (d).

into target cells (MCF-7) and its less internalization into
nontarget cells (CHO) compared with Epi alone.

The fluorescence FL2 histograms of C26, CHO and MCF-7
cells after treatment with 10 pM Epi and Epi-DDN conjugate
have been shown in Fig. 6. FL2 log intensity for MCF-7 cells after
no treatment, treatments with Epi-DDN conjugate and Epi were,
193 £ 13, 2240 + 128 and 1827 + 129, respectively. FL2 log
intensity for C26 cells after no treatment, treatments with Epi-
DDN conjugate and Epi were, 234 £+ 15, 2738 £ 232 and 2311
+ 165, respectively. FL2 log intensity for CHO cells after no
treatment, treatments with Epi-DDN conjugate and Epi were,
189 + 13, 857 £+ 39 and 2557 + 213, respectively.

3.5. Cell viability

MTT assay was carried out to determine C26, MCF-7 and CHO
cells viability (Fig. 7). CHO cell viability after treatments with
DDN, Epi-DDN conjugate, Epi, Epi-DDN conjugate without ATP
aptamer and Epi-DDN conjugate without MUC1 aptamer were
94.2 £+ 6.5%, 81.2 + 3.5%, 49 £ 4.1, 85.6 £+ 6.4% and 80.3 +
3.9%, respectively. C26 cell viability after treatments with DDN,
Epi-DDN conjugate, Epi, Epi-DDN conjugate without ATP
aptamer and Epi-DDN conjugate without MUC1 aptamer were
97.2 £ 5.6%, 38.1 + 1.5%, 46.8 &+ 3.5%, 49.1 £+ 1.6% and 75.8 &+
4.7%, respectively. MCF-7 cell viability after treatments with
DDN, Epi-DDN conjugate, Epi, Epi-DDN conjugate without ATP
aptamer and Epi-DDN conjugate without MUC1 aptamer were
97.6 £ 3.6%, 35.8 + 2.7%, 47.5 + 2.9%, 49.7 £+ 4.2% and 77.9 +
5.2%, respectively.

3.6. Inhibition of tumor growth in vivo

For assessment of the antitumor efficacy of Epi-DDN conjugate,
15 mice were blindly allocated into three groups and each group
received one dose of the following treatments: Epi-DDN conju-
gate, Epi and normal saline. The results showed for Epi-DDN
conjugate, Epi and normal saline, tumor volumes after 16

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) Flow cytometry histogram of C26 cells after treatment with
Epi (red), Epi-DDN conjugate (blue), and nontreated cells (green) (b)
flow cytometry histogram of MCF-7 cells after treatment with Epi (red),
Epi-DDN conjugate (blue), and nontreated cells (green). (c) Flow
cytometry histogram of CHO cells after treatment with Epi (red), Epi-
DDN conjugate (blue), and nontreated cells (green).
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Fig. 7 Effects of Epi, Epi-DDN conjugate, DDN, Epi-DDN conjugate without ATP aptamer and Epi-DDN conjugate without MUC1 aptamer on
nontarget (CHO) and target (MCF-7 and C26) cells viability (MTT assay). Cells were treated with Epi, Epi-DDN conjugate and DDN for 3 h. After
72 h post-treatment, viability of the cells was evaluated using MTT technique.
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Fig. 8 In vivo antitumor efficacy of Epi-DDN conjugate against mice
bearing C26 cells after intravenous administration of saline, Epi, and
Epi-DDN conjugate via the tail vein during 16 days.

days post treatment were 620 + 50, 1910 £ 135 and 4610 + 298
mm?, respectively (Fig. 8).

4. Discussion

Chemotherapy is one of the leading methods of tumor treat-
ment. Non-specific interactions of anticancer drugs causes their
high toxicity. Targeted drug delivery to solid cancers could
improve anticancer drugs efficacy and minimize their side
effects by delivery of high amounts of anticancer drugs to
intended site.****

Presence of MUC1 and ATP aptamers in the building blocks
of DDN, high drug loading and high stability of the designed
DDN make this DNA nanostructure (Fig. 1) a smart and
appropriate carrier for Epi delivery.

Epi binds to DDN, because of its intercalating feature. Also,
some amounts of Epi could be trapped in the space of the DDN

15186 | RSC Aadv., 2017, 7, 15181-15188

structure. Binding of Epi to DDN was evaluated by recording the
quenching profile of Epi fluorescence followed treatment with
DDN. Upon addition of DDN to drug, Epi fluorescence intensity
decreased about 57.6%, confirming the formation of Epi-DDN
conjugate (Fig. 3).

While the Epi-DDN conjugate lost about 18% of its Epi in
citric acid-sodium phosphate dibasic buffer (pH 7.4) after 72 h,
changing to pH 5.5 facilitated the release of Epi from the Epi-
DDN conjugate to 54% under the same condition (Fig. 4). The
results indicated the release of drug was more in acidic condi-
tion, simulating pH of lysosome and cancer tissues. So, tumor
environment and lysosome could be exploited to trigger the
release of Epi from the Epi-DDN conjugate. Acidic environment
could change conformation of DDN and enhance solubility and
hydrophilicity of Epi through inducing protonation of the -NH,
group of Epi, resulting in less interaction between DDN and Epi
and facilitating drug release. In cancer cells, the release of Epi
from the Epi-DDN conjugate must be more than this concen-
tration, because lysosome not only contains acidic condition
but also has high concentrations of ATP and catalytic enzymes,
which could ease the release of Epi from the Epi-DDN conju-
gate, owing to the presence of ATP aptamer in the building
blocks of DDN.

Flow cytometry analysis specified that the treatment of C26
and MCF-7 cells (target) with Epi-DDN conjugate significantly
enhanced the fluorescence signal of drug in both cell lines
compared to free Epi (p < 0.05), indicating more internalization
of Epi into Epi-DDN conjugate-treated cells, because of the
presence of MUC1 aptamer on the structure of DDN as a tar-
geting ligand (Fig. 6). Moreover, relative to Epi alone, the fluo-
rescence signal of CHO cells (nontarget) incubated with Epi-
DDN conjugate was significantly lower (p < 0.05), showing less
entry of Epi-DDN conjugated into CHO cells. The results
demonstrated that MUC1 aptamer on the structure of DDN
could efficiently distinguish between nontarget and target cells.
Less entry of Epi-DDN conjugate into CHO cells was due to the
absence of the target site of MUC1 aptamer on the surface of
this cell line. MUC1 is a smart ligand and uses receptor-
mediated endocytosis (RME) for internalization into target

This journal is © The Royal Society of Chemistry 2017
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cells.*® So, RME is assumed as the internalization mechanism
for Epi-DDN conjugate, while free Epi does not have a receptor-
mediated uptake.

The results of fluorescence imaging were compatible with
the internalization data obtained from flow cytometry analysis
(Fig. 5). The results confirmed more internalization of Epi-DDN
conjugate into MCF-7 cells (target) and less internalization of
the conjugate into CHO cells (nontarget) relative to Epi alone.

The internalization data was also verified by MTT assay too
(Fig. 7). Treatment of C26, CHO and MCF-7 cells with DDN did not
significantly influence their cell viability (p > 0.05). Incubation of
these cell lines with drug alone significantly reduced their cell
viability to approximately 50% (p < 0.05) and led to cell death.
Compared to Epi alone, treatment of CHO cells with Epi-DDN
conjugate significantly increased cell viability to 81.2% (p < 0.05).
Relative to free Epi, the cell viability of C26 and MCF-7 cells treated
with Epi-DDN conjugate were significantly reduced (p < 0.05), due
to the presence of MUC1 aptamer as targeting ligand on the
structure of DDN. Also, compared to Epi-DDN conjugate without
ATP aptamer and Epi-DDN conjugate without MUC1 aptamer,
treatment of MCF-7 and C26 cells (target cells) with Epi-DDN
conjugate (containing ATP and MUC1 aptamers) significantly
reduced cell viability (p < 0.05), confirming the roles of ATP and
MUC1 aptamers for the best function of the developed conjugate.

The clinical efficacy of Epi-DDN conjugate was evaluated by
allograft mouse models injected with C26 cells. Analysis of the
anticancer efficiency showed that tumor volume in tumor-
bearing mice after treatment with Epi-DDN conjugate, Epi
and saline increased about 5.3, 11 and 42.7 fold, respectively
(Fig. 8). The results indicated that Epi-DDN conjugate could
significantly decrease the tumor growth compared to Epi alone
(p < 0.05). This arises from the presence of two MUC1 aptamers
on the surface of each DDN, resulting in the access of Epi-DDN
conjugate to target site of aptamer on the surface of C26 cells
and therefore its internalization into these cells.

5. Conclusion

In summary, a novel Epi-DDN conjugate containing two kinds
of aptamers (MUC1 and ATP aptamers) was developed for tar-
geted delivery of chemotherapy drug to C26 and MCF-7 cells
(target). This conjugate inherited characteristics of high
stability, cancer targeting, efficient drug loading and pH and
ATP-triggered drug release. Due to these properties, the pre-
sented delivery system could reduce side effects of Epi in
nontarget cells (CHO cells) and increase its therapeutic efficacy
in target cells. Furthermore, the fabricated Epi-DDN conjugate
was capable to effectively prohibit tumor growth in vivo.
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