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Purpose: Chemotherapy is the primary treatment for advanced colon cancer, but its efficacy

is often limited by severe toxicities. Targeted therapy in the form of selectively drug delivery

system (SDDS) is an important strategy to reduce adverse effects. Here, we aim to design a

novel SDDS with potential for practical application using biocompatible components and

scalable production process, for targeted delivery of doxorubicin (Dox) to colon cancer cells.

Methods: The SDDS was made of a self-assembled DNA nano-cross (Holliday junction, or

HJ) functionalized by four AS1411 aptamers (Apt-HJ) and loaded with Dox.

Results: Apt-HJ had an average size of 12.45 nm and a zeta potential of −11.6 mV.

Compared with the monovalent AS1411 aptamer, the quadrivalent Apt-HJ showed stronger

binding to target cancer cells (CT26). A complex of Apt-HJ and doxorubicin (Apt-HJ-Dox)

was formed by intercalating Dox into the DNA structure of Apt-HJ, with each complex

carrying approximately 17 Dox molecules. Confocal microscopy revealed that Apt-HJ-Dox

selectively delivered Dox into CT26 colon cancer cells but not the control cells. Moreover,

Apt-HJ-Dox achieved targeted killing of CT26 cancer cells in vitro and reduced the damage

to control cells. Importantly, compared with free Dox, Apt-HJ-Dox significantly enhanced

the antitumor efficacy in vivo without boosting the adverse effects.

Conclusion: These results suggest that Apt-HJ-Dox has application potential in targeted

treatment of colon cancer.
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Introduction
Colon cancer is a severe threat to human health, with incidence and mortality

ranking the fourth and the fifth among all cancers, respectively. It is estimated

that there were approximately 1.1 million new colon cancer cases and 0.6 million

related deaths in 2018 worldwide.1 In recent years, the incidence of colon cancer

has been increasing, especially for adolescents and young adults.2 With the devel-

opment of world economy and the changes in lifestyle and diet, the incidence of

colon cancer is expected to further increase.3 For early-stage colon cancer, surgery

is the treatment of choice. For advanced colon cancer, however, chemotherapy is

still the primary treatment modality, because drugs have systemic distribution and

can reach metastatic cancer cells theoretically.4,5 One of the main problems of

chemotherapy is the severe side effects associated with cytotoxic agents, including

nausea, vomiting, diarrhea, weight loss, abdominal pain, leucopenia, etc.6,7 These

adverse effects significantly limit treatment duration and drug dosage, therefore
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compromising the therapeutic efficacy. Hence, reducing

drug-related side effects is critical for further improving

the clinical outcome of chemotherapy.

A promising strategy to reduce adverse effects is tar-

geted drug delivery to cancer cells. This approach is often

implemented with selective drug delivery system (SDDS),

which typically consists of three components: anticancer

drugs, drug carrier in the form of nanoparticle or nanos-

tructure, and tumor-targeting ligand conjugated to the car-

rier. When tumor-targeting ligand binds with cancer cells,

the drug-carrier is endocytosed and releases the anticancer

drugs. Because SDDS can target cancer cells but not

healthy tissues, therapeutic efficacy is enhanced and off-

target toxicity is reduced. Previous studies have shown

that targeted drug delivery may potentially improve the

treatment outcome. Yu et al designed a MUC1 aptamer-

guided nanoscale drug delivery system and demonstrated

that the system could effectively enhance the paclitaxel

delivery to MUC1-expressing breast cancer cells.8 Zhang

et al designed a biotin and hyaluronidase dual-responsive

SDDS (MSN-HA/Dox) and found that it triggered

enhanced apoptosis among cancer cells in vitro and con-

ferred better antitumor effects in vivo.9 Recently, several

targeted cancer therapies in the form of antibody-drug

conjugates (ADC) have been approved by the FDA for

clinical applications. Brentuximab vedotin (Adcetris®) was

approved for relapsed Hodgkin lymphoma and systemic

anaplastic large cell lymphoma, trastuzumab emtansine

(Kadcyla®) for HER2-positive metastatic breast cancer,

and inotuzumab ozogamicin (Besponsa®) for acute lym-

phoblastic leukemia.10,11 In addition, there are over 60

ADCs clinical trials ongoing currently.12 These develop-

ments indicate that targeted delivery of anticancer drug is

an important trend for future chemotherapy.

In order to build an SDDS for targeted drug delivery to

cancer tissue, tumor-homing ligands are required. Antibody is

frequently employed as the ligand because of its high affinity

and specificity. In addition to antibodies, aptamers can also be

used as novel tumor-targeting ligands. Aptamers are short,

single-stranded oligonucleotides (DNA or RNA) that can

form unique three-dimensional structures to serve as ligands

that bind with the target molecules. Aptamers can not only

bind to the targets with high affinity and specificity but have

better penetration of tumor tissues due to small molecular

size.13 What’s more, aptamers can be chemically synthesized

at low cost and easily modified with various functional

groups.13 Moreover, aptamer-based drug has been approved

by FDA for clinical application: Macugen was approved for

treating age-related wet macular degeneration.14 Aptamers,

therefore, have potential in the development of targeted ther-

apeutics for clinical applications.

A typical SDDS has drug-carrier for transporting cyto-

toxic agents to cancer cells. Most drug carriers are nanopar-

ticles made of organic or polymeric molecules.15 In addition

to these nanoparticles, DNA nanostructure can also serve as

an excellent drug carrier. DNA nanostructure can carry dox-

orubicin, which tends to intercalate into double-stranded

DNAwithin the structure.16 Doxorubicin is a broad spectrum

anticancer therapeutics that can be used to treat a variety of

malignancies. DNA nanostructure has negligible immuno-

genicity with good biocompatibility, and can be easily fabri-

cated in a self-assembled manner. Holliday junction (HJ) is a

DNA nanostructure with promising drug carrier potential. It

is made of four single-strand DNA chains locked into the

shape of a cross.17 The size of HJ is relatively small, with a

mean size of about 10 nm. Because prior studies have shown

that smaller nanoparticles can penetrate tumor and lymph

nodes more efficiently vs. larger nanoparticles.18 The small

size of HJ may allow it to enter cancer tissues and lymph

nodes more efficiently and serve as a better drug carrier of

doxorubicin towards lymph nodes, which often host meta-

static cancer cells.19 Moreover, HJ has four open ends that

can be linked to four tumor-targeting aptamers, thereby

improving its affinity to target cancer cells.

To date, however, aptamer-modifiedHJ has not been used

as a drug carrier of Dox to treat colon cancer. In this study, we

designed and fabricated a novel SDDS consisting of an HJ

modified by four AS1411 aptamers, for targeted delivery of

Dox to colon cancer cells. AS1411 is a DNA aptamer that can

recognize and bind with nucleolin, which is a protein over-

expressed on the cell membrane of multiple malignancies,

including colon cancer.20–22 The results indicated that

AS1411-modified HJ could selectively deliver doxorubicin

to murine colon cancer cells in vitro, and generated stronger

antitumor efficacy in vivo compared with free Dox.

Materials and Methods
Synthesis of DNAs
All DNAs were synthesized by Invitrogen (Shanghai, China).

The sequence used in this study is shown in Table 1.

Cell Culture
Mouse colon cancer cell line (CT26) and Chinese hamster

ovary cell line (CHO) were purchased from the Cell

Center of Chinese Academy of Medical Sciences
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(Beijing, China). Cells were cultured in DMEM medium

supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin/streptomycin (penicillin: 100 units/mL, strepto-

mycin: 100 mg/mL). All cells were incubated at 37°C in

incubator with 5% CO2 and 95% air. The cell culture

medium was purchased from the Cell Center of Chinese

Academy of Medical Sciences (Beijing, China). FBS was

purchased from BioInd (Israel).

Preparation of Apt-HJ
Four single-strand DNAs were mixed in saline solution

(0.9% NaCl, 10 mM MgCl2) at an equal molar ratio. The

mixture was incubated at 95°C for 5 mins, and then slowly

cooled to the room temperature at the rate of 0.1°C/s.

Characterization of Apt-HJ
Agarose gel electrophoresis was employed to validate the

formation of Apt-HJ. The gel was prepared by TBE buffer

with 2.5% (w/v) agarose and GelStain (TransGen Biotech,

Beijing, China). The gel was run at 110 V for 20 min

analyzed under UV light. The size and zeta-potential of

Apt-HJ were determined by dynamic light scattering

(Malvern Zetasizer Nano ZS, UK).

Serum Stability of Apt-HJ
Phosphorothioate-modified and non-modified Apt-HJs

were prepared at the concentration of 4 μM. DNA samples

were incubated with 50% fetal bovine serum (FBS) at 37°

C. After various degradation time, samples were collected

and heated at 95°C for 5 min immediately. 2.5% agarose

gel electrophoresis was employed to detect the degradation

of the DNA nanostructures. Quantity one software was

used to detect the gray-scale value.

Cellular Binding Assays
Flow cytometry was performed to compare the cell-binding

capability of monovalent aptamer with Apt-HJ. CT26 and

CHO cells were incubated in PBS (plus 0.02% EDTA) for

30 s and washed with PBS twice gently. The cells (2×105)

were suspended in 250 µL of PBS, incubated with equimolar

(60 pmol/tube) FAM-labeled randomDNA,Apt, Apt-HJ sepa-

rately for 30 mins with gentle shaking, washed twice with

PBS, and resuspended in 250 μL PBS. The samples were

analyzed by flow cytometry (Accuri C6, BD, San Jose, CA,

USA). FlowJo 7.6 software was used to analyze the data.

Experiments for binding assays were repeated three times.

Drug-Loading Capacity of Apt-HJ
Apt-HJ was incubated with fixed concentration of Dox (3 nM)

for 1 h in a 96-well black plate at designated carrier/Doxmolar

ratios. The fluorescence spectrum of Dox was examined by a

Synergy4 analyzer (λEx = 480 nm, λEm = 520–720 nm).

Preparation of Apt-HJ-Dox
To prepare Apt-HJ-Dox, Apt-HJ was assembled first. Four

single-strand DNAs were mixed in saline solution (0.9%

NaCl, 10 mM MgCl2) at an equal molar ratio. The mixture

was incubated at 95°C for 5 mins, and slowly cooled to the

room temperature at the rate of 0.1°C/s in a PCR machine.

Subsequently, Apt-HJ was mixed with Dox at the molar ratio

of 1:17. The mixture was incubated at 37°C for 1hr, to form

the Apt-HJ-Dox complex.

Confocal Fluorescence Microscopy Imaging
To study the cellular uptake of Dox, confocal imaging

assay was performed. CT26 and CHO cells (1.5×104)

were cultivated in Lab-Tek Chamber #1.0 Borosilicate

Coverglass System (ThermoFisher, Waltham, MA, USA)

for 12 h. The cells were incubated with free Dox and Apt-

HJ-Dox at an equivalent dose of Dox (2 μM) for 1 h and

washed three times with PBS. The cells were fixed with

4% paraformaldehyde solution for 10 mins at 4°C, which

was freshly prepared and pre-cooling. The cells were

washed thrice with PBS and dyed with Hoechst

(Solarbio, Beijing, China) for 30 min at room temperature.

After being washed for three times, the cells were incu-

bated with PBS and evaluated with confocal fluorescence

microscopy (UltraVIEW VOX).

Table 1 The DNA Sequence Used in This Study

Oligonucleotide Sequence (from 5ʹ to 3ʹ)

Sequence 1 CGGCGATCCGGCCATAGTGGATTGCGGGCCAGTGAAAAAAGGTGGTGGTGGTTGTGGTGGTGGTGG

Sequence 2 CTCACTGGCCCGCAATCCTGAGCACGTGGCTGACGAAAAAGGTGGTGGTGGTTGTGGTGGTGGTGG

Sequence 3 CCGTCAGCCACGTGCTCACCGAATGCTGCGCAACCAAAAAGGTGGTGGTGGTTGTGGTGGTGGTGG

Sequence 4 CGGTTGCGCAGCATTCGGACTATGGCCGGATCGCCAAAAAGGTGGTGGTGGTTGTGGTGGTGGTGG

Notes: The underlined parts indicated the sequence of AS1411 aptamer.
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Cytotoxicity Assays in vitro
Cells were seeded on 96-well plate at a concentration of

5000 cells per well. After overnight cultivation, the cells

were treated with Apt-HJ, free Dox or Apt-HJ-Dox at an

equivalent dose of Dox (CT26: 3 μM; CHO: 2 μM) for 1 h

at 37°C. The cells were washed twice with PBS and

cultured for additional 48 hrs. MTS assay (Promega,

Madison, WI, USA) was used to determine the cell viabi-

lity per the standard protocol suggested by the manufac-

ture. The experiment was repeated three times.

Evaluation of IC50
Cells were cultured in 96-well plate as described before

and incubated with free Dox or Apt-HJ-Dox for 1 h at 37°

C. CT26 cells were treated with equivalent Dox concen-

trations of 0.05, 0.5, 1, 2, 3, 5, 10, 20 and 30 μM,

respectively. CHO cells were treated with equivalent Dox

concentrations of 0.01, 0.05, 0.5, 1, 2, 3, 5, 15 and 30 μM,

respectively. The cells were washed twice with PBS and

cultured for 48 h. MTS assay was used to determine the

cell viability.

In vivo Tumor Inhibition Study
The animal study was approved by the Ethical Committee of

the Institute of Basic Medical Sciences, Chinese Academy of

Medical Sciences. All animal procedures were approved by

the committee on the Animal Care and Use of the Institute of

Basic Medical Sciences, Chinese Academy of Medical

Sciences and Peking Union Medical College and performed

according to the Institutional Animal Care and Use guide-

lines. BALB/c mice of 6–8 weeks were purchased from

Charles River (Beijing, China). For animal colon cancer

model, a suspension of 5×105 CT26 cells in PBSwas injected

subcutaneously on the back. When tumor diameter reached

about 5 mm, mice were randomized to 4 groups. PBS, free

Dox (1.16 mg/kg), Apt-HJ (118 nmol/kg) and Apt-HJ-Dox

were administered by intraperitoneal injection every day for

20 days. Tumor size and body weight were measured every

one or 2 days. Tumor volume was calculated by length ×

width × width × 0.5.

Statistical Analysis
Statistical analyses were performed by Prism software

(GraphPad 5). The statistical significance was calculated

by the t-test, which was indicated by the P<0.05. All data

are presented as a mean value with its standard deviation

indicated (mean ± SD).

Results
Preparation and Characterization of Apt-HJ
The overall design of Apt-HJ is illustrated in Figure 1. The

structure consisted of four ssDNA chains; each chain was

66-nt long. All chains were made of 3 components: an

AS1411 aptamer at the 3ʹ end, followed by a 5-nt poly-A

linker, and the sequence that made up the Holliday junc-

tion at the 5ʹ end. The four strands were expected to form a

cross-shaped nanostructure (Apt-HJ) in a self-assembled

way, with each arm of the cross made up by a 17-bp

double-stranded structure. To evaluate whether the four

ssDNA could indeed form the HJ complex, electrophoresis

was conducted. As shown in Figure 2A, after heating up

the ssDNA at 95°C and a gradual transition to room

temperature, Apt-HJ was formed as expected.

For characterization of Apt-HJ, wemeasured its size and

zeta-potential by dynamic light scattering (DLS). As

Figure 1 Schematic illustration of the overall design of Apt-HJ-Dox for targeted delivery of Dox to cancer cells in vivo. (A) The structure of Apt-HJ-Dox, with four single

strands assembled into a Holliday Junction through precise base pairing. AS1411 was attached to the 3ʹ end of each strand. Dox (red dots) intercalated into the CG pairs of

the double-strand DNA. (B) Schematic showing that Apt-HJ-Dox might enter tumor tissue and selectively bind with nucleolin-positive target cancer cells.
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illustrated in Figure 2B, Apt-HJ had an average size of

12.45±2.16 nm, and an average zeta-potential of −11.6 mV.

Serum Stability of Apt-HJ
Durability in serum is a vital prerequisite for nanostruc-

tures to serve as drug carriers, because nucleases abound

in serum and can digest DNA. Enhancing the resistance to

nucleases is thus particularly important for DNA nanos-

tructure to function as SDDS. Exonucleases tend to digest

DNA from both ends. For each strand of Apt-HJ, its 3ʹ end

is made of the AS1411 aptamer, which is nuclease-resis-

tant due to its G-quadruplex structure.21 As a result, the 5ʹ

end of each strand of Apt-HJ needs to be strengthened for

nuclease-resistance. Phosphorothioate modification is fre-

quently used to enhance the nuclease resistance of

oligonucleotide.23 Therefore in this study, to further

improve the nuclease-resistance of Apt-HJ, the first

nucleotide at 5ʹ-end of each DNA strand was modified

with phosphorothioate. To assess the serum stabilities of

phosphorothioate-modified and non-modified Apt-HJs, the

two types of Apt-HJs were incubated in 50% serum for

various time periods, and evaluated by electrophoresis. As

exhibited in Figure 3, the half digestion time of phosphor-

othioate-modified Apt-HJ was about 16 h, while that of

non-modified Apt-HJ was about 8hrs. The results indicated

that phosphorothioate modification improved the nucleases

resistance of Apt-HJ, and that the phosphorothioate-mod-

ified Apt-HJ had stronger serum stability and may serve as

a better drug carrier in vivo compared with non-modified

Apt-HJ. Therefore, phosphorothioate-modified Apt-HJ

was used in subsequent experiments.

Affinity of Apt-HJ to Target Cancer Cells
Each Apt-HJ complex had four built-in aptamers and was

thus quadrivalent. In order to evaluate whether the apta-

mers could still bind with the target cell after they were

assembled into Apt-HJ, and to compare the target affinity

of the quadrivalent Apt-HJ vs. the monovalent free apta-

mer, flow cytometry study was performed. Each Apt-HJ

complex and each free AS1411 aptamer were labeled with

a single fluorescent molecule (FAM), to ensure that the

fluorescent signals could be compared when equimolar

Apt-HJ or AS1411 were used to stain the cells. Next,

nucleolin-positive CT26 cells or CHO control cells were

incubated with fluorescence-labeled Apt-HJ or AS141, and

evaluated by flow cytometry. Multiple prior studies have

established that CT26 colon cancer cells overexpress

nucleolin in cell membrane, while CHO cells basically

have no nucleolin expression.24–26 Cells incubated with

FAM-labeled random DNA were used as the control. As

shown in Figure 4, in CT26 cells, Apt-HJ generated sig-

nificantly stronger fluorescent signal than free AS1411

(Figure 4A); while in CHO cells, both Apt-HJ and free

AS1411 generated weak signals (Figure 4B). The results

indicated that, compared to the monovalent free AS1411

aptamer, the quadrivalent Apt-HJ markedly strengthened

the binding to CT26 target cells.

Drug-Loading Capacity of Apt-HJ
The anticancer drug doxorubicin (Dox) was loaded into

Apt-HJ, making use of the fact that doxorubicin tends to

intercalate into dsDNA structures to form a Dox-DNA

complex.16 Free Dox emits a red fluorescence that will

A B

Figure 2 Preparation and characterization of the DNA nanocarrier Apt-HJ. (A) Electrophoresis for verifying the formation of Apt-HJ. Lane1–3 (A, AB, and ABC)

represented the complexes formed by one, two, or three DNA single strands. Lane 4 (Apt-HJ) represented the complex formed by 4 ssDNA with aptamers attached. (B)
Estimation of the particle size of Apt-HJ with dynamic light scattering. Apt-HJ had an average size of 12.45±2.16 nm.
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be quenched when the drug intercalates into dsDNA. This

property was utilized to evaluate the drug loading capacity

of Apt-HJ. Apt-HJ was mixed with Dox at increasing

molar ratios, and mixture’s fluorescence spectrum was

analyzed. As shown in Figure 5, the fluorescence was

almost quenched when the molar ratio of Apt-HJ to Dox

increased to 1:17, indicating that most Dox molecules had

intercalated into the DNA structure of Apt-HJ under this

condition. The results suggested that one Apt-HJ could

load approximately 17 Dox molecules when forming the

Dox-loaded Apt-HJ complex (Apt-HJ-Dox).

Cellular Uptake of Apt-HJ-Dox
To evaluate whether Apt-HJ could selectively delivery

Dox to target cancer cells, Apt-HJ-Dox or free Dox was

incubated with CT26 target cells or CHO control cells,

which were evaluated by confocal microscopy. After treat-

ment with Apt-HJ-Dox, red fluorescence could be

observed in CT26 cells, but barely in CHO cells

(Figure 6), indicating that doxorubicin in Apt-HJ-Dox

was delivered into CT26 cancer cells but not the CHO

control cells. After treatment with free Dox, however, both

CT26 and CHO cells were stained strongly with red fluor-

escence (Figure 6), indicating that free doxorubicin could

not differentiate the two types of cells, and diffused into

both.

Apt-HJ-Dox’s Cytotoxicity Against CT26

Cancer Cells in vitro
The above data showed that Apt-HJ-Dox could selectively

deliver doxorubicin into CT26 cells. However, it was still

necessary to explore whether Apt-HJ-Dox could kill colon

cancer cells in a targeted manner. To address this issue,

CT26 cancer cells and CHO control cells were incubated

A B

Figure 3 Phosphorothioate-modification enhanced the serum stability of Apt-HJ. (A) Electrophoresis of Apt-HJ complexes that had incubated in 50% serum for various

times (N: non-modified Apt-HJ; P: Phosphorothioate-modified Apt-HJ). (B) Numeric representations of the amounts of DNA complexes. The gray-scale values were

obtained by analyzing the gel with Quantity One software.

A BCT26 CHO

Figure 4 Bindings of Apt-HJ and AS1411 to CT26 (A) or CHO cells (B). Each Apt-

HJ complex or each free AS1411 aptamer was labeled with one FAM. The cells

were incubated with FAM-labeled random DNA (black lines), Apt-HJ (red lines), or

free AS1411 (blue lines), washed and analyzed by flow cytometry. Cells stained by

FAM-labeled random DNA were used as the control.
Figure 5 Estimation of the drug-loading capacity of Apt-HJ. Fluorescence spectra of

Dox were measured after incubation with increasing molar ratios of Apt-HJ (car-

rier/Dox ratios from top to bottom: 0, 1:5000, 1:500, 1:100, 1:50, 1:30, 1:20, 1:17,

and 1:1). X-axis represented the wavelength. Y-axis represented the fluorescence

intensity generated by free Dox molecules that did not intercalate into Apt-HJ. The

fluorescence generated by Dox was largely quenched at the carrier/Dox ratio of

1:17 (thick red line pointed by arrow).
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with Apt-HJ, free Dox, or Apt-HJ-Dox, and evaluated for

cell viability with MTS assay. As shown in Figure 7A, B,

free Dox killed both CT26 cells and CHO cells efficiently

(cell viabilities: 51.49% ± 4.68% and 57.23% ± 5.04%,

respectively). Apt-HJ-Dox, however, killed CT26 cancer

cells efficiently but reduced the damage to CHO control

CT26 CHO

Free Dox

Apt-HJ-Dox

Figure 6 Cellular uptake of doxorubicin by CT26 cancer cells or CHO control cells. The cells were treated with free Dox or Apt-HJ-Dox, and evaluated by confocal

microscopy. Scale bar: 10 μm. The red fluorescence was from doxorubicin. The cell nuclei were stained blue with Hoechst.

A B

C D

Figure 7 Cytotoxicity generated by Apt-HJ-Dox or free Dox in vitro. Nucleolin-positive CT26 cancer cells (A) or -negative CHO cells (B) were incubated with Apt-HJ, free

Dox, or Apt-HJ-Dox for 1hr and washed. After 48hrs, cell viability was determined using MTS assay (mean ± SD, n = 8). Asterisks represent statistically significant difference

(p<0.05). (C) Estimation of IC50s for CT26 cells by Apt-HJ-Dox or free Dox. Nucleolin-positive CT26 cells were incubated with free Dox or Apt-HJ-Dox for 1 h, at the

equivalent Dox concentration of 0.05, 0.5, 1, 2, 3, 5, 10, 20 and 30 μM, respectively. MTS assay was performed to evaluate the average cell viability (n = 8). (D) Estimation of

IC50s for CHO cells by Apt-HJ-Dox or free Dox. Nucleolin-negative CHO cells were incubated with free Dox or Apt-HJ-Dox for 1hr, at the equivalent Dox concentration

of 0.01, 0.05, 0.5, 1, 2, 3, 5, 15, or 30 μM, and assayed for average cell viability (n = 8).
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cells (cell viabilities: 55.14% ± 4.34% and 80.72% ±

5.71%, respectively). The results indicated that Apt-HJ-

Dox killed CT26 cells in a targeted manner. Interestingly,

empty vector Apt-HJ also generated mild cytotoxicity to

the cells, presumably because of the anti-proliferative

activity of AS1411 aptamer.20,21 The cell viabilities of

CT26 and CHO cells treated with Apt-HJ were 81.39% ±

2.07% and 90.36% ± 8.71%, respectively.

To further characterize the pharmacological property of

Apt-HJ-Dox, the IC50 was evaluated. CT26 and CHO

cells were treated with Apt-HJ-Dox or free Dox of increas-

ing concentration gradient, and measured for cell viability

by MTS assay. As shown in Figure 7C, for CT26 target

cells, the IC50s of Apt-HJ-Dox and free Dox were basi-

cally similar (3.660 μM vs 3.047 μM). Nevertheless, for

CHO control cells, the IC50 of Apt-HJ-Dox was signifi-

cantly higher than that of free Dox (8.481 μM vs. 2.579

μM) (Figure 7D), indicating that Apt-HJ-Dox markedly

reduced the damage to control cells. The results further

revealed that Apt-HJ-Dox generated a preferential cyto-

toxicity against the target CT26 colon cancer cells, and

mitigated the toxicity to the control cells.

Apt-HJ-Dox Generated Superior

Antitumor Efficacy in vivo
To evaluate the in vivo antitumor efficacy of Apt-HJ-Dox,

mice bearing CT26 tumors were systemically treated with

PBS, Apt-HJ, free Dox, or Apt-HJ-Dox by daily intraper-

itoneal injection at a Dox equivalent dose of 1.16 mg/kg

for 20 days. As shown in Figure 8A, Apt-HJ-Dox had the

most marked antitumor efficacy, despite that free Dox and

Apt-HJ also suppressed tumor growth to certain extents.

At the end of the experiment, the average tumor volume of

mice treated with Apt-HJ-Dox was five times smaller than

that of the control group. Moreover, there was no further

weight loss in the Apt-HJ-Dox group vs. the free Dox

group (Figure 8B), indicating Apt-HJ-Dox did not gener-

ate extra systemic toxicity while enhancing the therapeutic

efficacy. The results suggested that Apt-HJ-Dox might

have application potential in the development of novel

chemotherapy against colon cancer.

Discussion
Chemotherapy plays an important role in the treatment of

advanced metastatic colon cancer, and generally can prolong

patient survival. Because of this, several chemotherapies cur-

rently serve as the standard treatments for metastatic colon

cancer, including FOLFOX (oxaliplatin, 5-Fluorouracil, leu-

covorin), FOLFIRI (irinotecan, 5-Fluorouracil, leucovorin),

CapeOx (capecitabine, oxaliplatin), with or without anti-

body-based therapeutics (bevacizumab or cetuximab).4,5

Nevertheless, toxicity-related side effects severely limit the

long-term application of chemotherapy, andmillions of people

die of colon cancer each year.

Targeted drug delivery to tumor cells is a promising

strategy to reduce the adverse effects. Clinically, FDA-

approved targeted drug delivery systems are mainly ADCs,

which consist of tumor-targeting antibodies conjugated with

drugs. For colon cancer, however, there are no ADCs

approved by FDA so far. There are two ADCs

(Sacituzumab govitecan, Labetuzumab govitecan) currently

undergoing early-stage (Phase I/II) clinic trials for colon

cancer treatment, aiming at Trop-2 and CEACAM5,

respectively.27,28 Therefore, developments are still needed

for targeted therapy against colon cancer. In addition to

ADCs, nanostructures functionalized with tumor-targeting

ligand are also commonly used for the delivery of anticancer

A B

Figure 8 Tumor inhibition by free Dox, Apt-HJ, or Apt-HJ-Dox. Tumor-bearing BALB/c mice were administered with PBS (control), free Dox (1.16 mg/kg), Apt-HJ (118

nmol/kg), or Apt-HJ-Dox (with Apt-HJ of 118 nmol/kg and Dox of 1.16 mg/kg), by daily intraperitoneal injection for 20 days (n=6 mice/group). Tumor volume (A) and body

weight (B) were recorded and shown.

Yao et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:152126

http://www.dovepress.com
http://www.dovepress.com


drugs to tumor cells. Among these systems, DNA nanostruc-

tures functionalized with aptamers are good candidates for

selective drug delivery systems. DNA nanostructures have

the advantages of good biocompatibility, negligible immu-

nogenicity, and easy fabrication (usually with a self-assem-

bling process). Furthermore, DNA nanostructures can be

readily functionalized by tumor-targeting aptamers.

In this study, aptamer-functionalized HJ was evaluated

for the first time as a drug carrier for targeted treatment of

colon cancer. Among DNA structures, HJ is an excellent

Dox carrier and has several potential advantages. First, HJ

is a nanostructure of relatively small size, with average

dimension of about 10nm. Previous studies have shown

that smaller nanoparticles are less likely to be trapped by

reticular endothelial system and may infiltrate tumor tissues

more efficiently compared with larger nanoparticles.18

Therefore, HJ possibly could penetrate tumor and lymph

nodes efficiently and improve the utilization of anticancer

drugs. Second, the components of HJ can be easily synthe-

sized. Each ssDNA of the HJ used in this study is only 66-nt

long (including the AS1411 aptamer, a 5nt spacer, and the

HJ part), and can be synthesized easily and economically.

Third, HJ has four open ends that can link with tumor-

targeting ligands to form a quadrivalent nanostructure,

which may potentially improve its affinity to tumor cells.

Indeed, our results showed that the quadrivalent HJ had a

significantly higher affinity to target cancer cells vs. the

monovalent aptamers (Figure 4). Fourth, HJ has relatively

high drug loading capacity (Apt-HJ to Dox mol ratio of

1:17) compared to some other DNA nanocarriers, such as

three-Way junction-Dox delivery system (1:2.5), AS1411/

FOXM1 aptamers-Dox DNA nanostructure (1:3.5), or

PSMA aptamer-Dox conjugate (1.2:1).29–31 Fifth, HJ also

has certain advantages over some other DNA nanostruc-

tures that were used as Dox carriers. DNA nanocentipede

and DNA origami are large DNA structures.32,33 Because of

their size, these carriers tend to be trapped by reticular

endothelial systems within the body, and have relatively

weak penetration of tumor tissue and lymph nodes. Other

DNA structures, such as DNA tetrahedron, though quite

small (about 10 nm), have difficulty linking with multiple

tumor-targeting ligands.34,35 Overall, we think that apta-

mer-modified HJ may serve as an excellent targeted drug

delivery system, due to its simplicity, small size, substantial

drug-loading capacity, and convenience for linking with

multiple tumor-targeting aptamers.

It has long been established that Dox can intercalate

into dsDNA. Specifically, the drug tends to intercalate into

the CG pairs of double-stranded DNAwithin the structure,

forming the DNA-Dox complex spontaneously.36 At pre-

sent, the detailed drug–DNA interaction driving the pro-

cess is not entirely clear, but probably involves several

types of intermolecular forces, including the Van der

Waals force.16 The Apt-HJ used in this study had 44 CG

pairs in its double-stranded structure. However, owing to

the molecular spatial interference, sometimes it is not

possible for every CG pair to load a Dox, especially in

the case of consecutive CG pairs.37 Therefore, the actual

drug-loading capacity of a DNA structure is usually lower

than the number of CG pairs. With the Apt-HJ used in this

study, each DNA complex was estimated to hold approxi-

mately 17 Dox molecules (Figure 5).

The mechanisms by which Apt-HJ-Dox preferentially

entered CT26 cells rather than CHO cells (Figures 6 and 7)

might involve several aspects. First, DNA normally has

difficulty entering the cells, because cell membrane and

DNA are both negatively charged and tend to repel each

other. Therefore, the negatively charged Apt-HJ-Dox had

difficulty entering the CHO control cells. Second, CT26

cells had nucleolin expressed in cell membrane, and could

bind with the built-in AS1411 aptamers of Apt-HJ-Dox,

thus capturing the DNA-drug complex. The Apt-HJ-Dox

attached to CT26 cells subsequently could enter the cells

via endocytosis (the detailed process of endocytosis

remains unclear at present). After entering the cell, Apt-

HJ was probably degraded by nucleases in lysosomes, and

Dox was released intracellularly from the damaged DNA

structure. Of note, for CT26 cells, the IC50s generated by

Apt-HJ-Dox and free Dox were similar (Figure 7C), indi-

cating that Apt-HJ-Dox and free Dox had similar cytotoxi-

city against CT26 cells in vitro. This result probably

reflected the fact that both free Dox and Apt-HJ-Dox

could enter CT26 cells in vitro: Dox entered via simple

diffusion, while Apt-HJ-Dox first attached to the cells and

then entered via endocytosis. Although CT26 cells took up

free Dox and Apt-HJ-Dox in different ways, both could

suppress cell growth. As a result, IC50s of Apt-HJ-Dox

and free Dox could be similar, if both entered CT26 cells

at similar rates in vitro. Importantly, for the CHO control

cells, the IC50 generated by Apt-HJ-Dox was significantly

higher vs. free Dox (Figure 7D), indicating that Apt-HJ-

Dox reduced the toxicity to the control cells.

Several factors may have contributed to the improved

in vivo therapeutic efficacy by Apt-HJ-Dox (Figure 8).

First, CT26 colon cancer cells overexpress nucleolin on

the cell surface, which can bind with the AS1411 aptamer
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and capture the Apt-HJ-Dox complex, thus increasing the

drug delivery to target cancer cells. Second, in order for

Apt-HJ-Dox to work in vivo, the DNA structure must

resist serum nuclease to maintain integrity. Here in this

study, we actually modified the backbone of DNA with

Phosphorothioate and significantly improved its serum

stability (Figure 3). Third, it has been well established

that enhanced permeability and retention (EPR) effect

can accumulate small nanoparticles in solid tumor tissue

due to leaky tumor vasculature.38 Because Apt-HJ is of

small size (12nm), we hypothesize that passive targeting

by EPR may also play a role, allowing the DNA nanos-

tructure to accumulate in tumor tissues. Fourth, owing to

aptamer-mediated active targeting, AS1411 aptamer binds

to nucleolin in cancer cell membrane, facilitating the

uptake of Dox by target cells in vivo. All these mechan-

isms may have contributed to the improved treatment out-

come by Apt-HJ-Dox vs. free doxorubicin. The results

indicate that other than ADC, Apt-HJ-Dox may also

serve as an alternative strategy for targeted therapy of

colon cancer, with the advantage of low production cost,

and without the complexity of linker chemistry.

Conclusion
In conclusion, we designed a novel complex of HJ with

four AS1411 aptamers for targeted therapy of colon cancer

and showed that such a nanostructure selectively delivers

Dox to colon cancer cells in vitro and enhanced the anti-

tumor efficacy in vivo. The results suggest that AS1411-

modified HJ has the potential for targeted therapy of colon

cancer. In the future, AS1411 can be replaced with the

aptamers for other tumor markers, and Apt-HJ-Dox may

potentially be applied for targeted therapy of other

malignancies.
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