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Introduction: Metastasis is a major challenge in breast cancer therapy. The successful chemotherapy of breast cancer largely depends
on the ability to block the metastatic process. Herein, we designed a dual-targeting and stimuli-responsive drug delivery system for
targeted drug delivery against breast cancer metastasis.

Methods: AS1411 aptamer-modified chondroitin sulfate A-ss-deoxycholic acid (ACSSD) was synthesized, and the unmodified CSSD
was used as the control. Chemotherapeutic drug doxorubicin (DOX)-containing ACSSD (D-ACSSD) micelles were prepared by
a dialysis method. The ACSSD conjugate was confirmed by Fourier transform infrared spectroscopy (FTIR), nuclear magnetic
resonance (NMR), dynamic light scattering (DLS), and transmission electron microscopy (TEM). In vitro cellular uptake and
cytotoxicity of D-ACSSD micelles were studied by confocal laser scanning microscopy (CLSM) and MTT assay in breast tumor
cells. The inhibition capability of D-ACSSD micelles in cell migration and invasion was carried out in 4T1 cells. In vivo antitumor
activity of DOX-containing micelles was investigated in metastatic 4T1-bearing Balb/c mice.

Results: D-ACSSD and DOX-loaded CSSD (D-CSSD) micelles exhibited high drug encapsulation content and reduction-responsive
characteristics. D-ACSSD micelles were spherical in shape. Compared with D-CSSD, D-ACSSD showed higher cellular uptake and
more potent killing activity in 4T1 and MDA-MB-231 cells. Additionally, D-ACSSD exhibited stronger inhibitory effects on the
invasion and migration of highly metastatic 4T1 cells than unmodified D-CSSD. Among the DOX-containing formulations, D-ACSSD
micelles presented the most effective inhibition of tumor growth and lung metastasis in orthotopic 4T1-bearing mice in vivo. It also
revealed that ACSSD micelles did not exhibit obvious systemic toxicity.

Conclusion: The smart D-ACSSD micelles could be a promising delivery system for the therapy of metastatic breast cancer.
Keywords: metastasis, dual-targeting, breast cancer therapy, reduction-sensitive micelles, drug delivery

Introduction
Breast cancer is the most common malignancy in women, seriously threatening their health and lives.! Especially,
metastasis is responsible for more than 90% of cancer-related deaths, and it is a severe issue in cancer management.”>
Tumor metastasis is a comprehensive and multifactorial process with the invasion-metastasis cascade. Although
significant progress has been made in early detection and treatment, the prognosis has not been completely improved
in metastatic breast cancer patients.*> Until now, satisfactory strategies have not been found. As a result, the inhibition of
tumor metastasis is still a great challenge in anticancer therapy.

Chemotherapy is one of the conventional treatment methods for many cancers. It is the first choice to suppress
invasive breast cancer. Due to the non-selectivity and side effects of chemotherapeutic drugs, their applications were
widely limited in clinics. To solve this issue, polymeric micelles have received increasing attention as drug carriers in
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Graphical Abstract
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anticancer therapy.®’ Amphiphilic copolymers have the characteristics of low toxicity, biocompatibility, high flexibility,
etc. The nano-sized micelles can reduce side effects and increase treatment efficiency through the enhanced permeation
and retention (EPR) effect.®’

Recently, smart delivery nanosystems with the properties of targeted and controlled drug release have been
designed.'™"" For example, reduction-responsive micelles could trigger rapid drug release under intracellular tumor
compartments.'? Reduced glutathione (GSH) levels in the tumor cells showed greatly higher than that in normal cells.
Under the reduced environment, it provides the rapid breakage of the disulfide bonds within the polymeric
nanoparticles.'*™'> Therefore, reduction-sensitive drug delivery systems have attracted extensive attention in cancer
therapy. As previously reported by our group, chondroitin sulfate A conjugated deoxycholic acid (CSSD) micelles with
disulfide linkages exhibited rapid release of antitumor drug in tumor intracellular environment with high concentrations
of GSH.'® Chondroitin sulfate A (CSA) is a kind of natural and biodegradable materials, and its derivatives have been
investigated and used as active targeting vehicles in CD44 receptor-overexpressed tumor cells.'” ' Deoxycholic acid
(DOCA) is a bile acid that can emulsify and solubilize dietary fats in our bodies. Then, both CSA and DOCA exhibit
good biocompatibility. In order to further improve the drug efficacy in vitro and in vivo, dual-targeting nano-systems
could be designed and developed.?*!

Aptamers are single-stranded RNA or DNA ligands and have been employed as an active targeting group on the
surface of some nanosystems.”” AS1411 is a DNA aptamer that has a specific affinity and selectivity to nucleolin.
Nucleolin is a kind of phosphoprotein in the cytoplasm and nucleus, particularly overexpressed on the membrane of
tumor cells.”*** AS1411-modified nanoparticles could facilitate drug transport and cellular internalization by tumor cells
via specific recognition of nucleolin.*> ?’ These nanoparticles have been widely used in cancer therapy, such as lung
cancer, prostate cancer, and metastatic renal cell carcinoma. However, there were fewer reports about AS1411-modified
micelles for the inhibition of breast cancer metastasis.

In this work, the objective is to construct dual-targeting and reduction-sensitive polymeric micelles for improved drug
delivery against breast cancer growth and metastasis. Novel AS1411 aptamer-modified CSSD (ACSSD) conjugate was
synthesized. Doxorubicin (DOX) was encapsulated into ACSSD micelles, and the obtained D-ACSSD micelles were
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evaluated. The therapeutic efficacy of D-ACSSD micelles was investigated in metastatic breast carcinoma. The in vitro
efficacy and the effect on the cell functions, including cell proliferation, cell invasion and migration were studied.
Furthermore, the inhibition activities of tumor growth and metastasis were performed in 4T1-bearing orthotopic mice.

Methods

Synthesis of ASI411 Aptamer-Modified Conjugate

The synthetic routes of AS1411-containing ACSSD are shown in Figure 1. Briefly, CSSD was synthesized by our
previous report with some modifications.'® DOCA (2.0 g) and EDC (2.93 g) were placed into a flask and dissolved in
80 mL ethanol. Cystamine dihydrochloride (2.3 g) in distilled water was slowly dropped into the above solution. After 24
h stirring, the reacted solution was concentrated on a rotary evaporator in vacuo. The resulting solution was deposited at
—20 °C and rinsed with ice-cold water. Then, DOCA conjugated cystamine (DOCA-Cys) was produced by drying under
vacuum conditions. Next, 1.0 g CSA was dissolved in 20 mL of distilled water. EDC (0.165 g) and DOCA-Cys (0.19 g)
in 20 mL ethanol were slowly introduced into the CSA solution. After 24 h reaction, the mixture was transferred into
dialysis bags for dialysis as stated above. Further, the solution was freeze-dried for 72 h and CSSD was obtained. In the
third step, for AS1411 conjugation, the carboxyl units of CSSD were activated. CSSD (50 mg) was dispersed in 5 mL
distilled water and 8 mL dimethyl sulfoxide (DMSO). EDC (10.9 mg) was added. AS1411 (30 OD, oligonucleotide
sequence: 5-NH,-GGTGGTGGTGGTTGTGGTGGTGGTGG-3') was dissolved in the mixture of DMSO and distilled
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Figure | Synthetic scheme of ACSSD conjugate.
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water and introduced into the above solution under stirring. After 24 h, the reaction solution was dialyzed against water
and lyophilized.

The chemical structures of copolymers were analyzed by FTIR spectroscopy (Bruker Tensor II, Germany) and
"H NMR spectroscopy (Bruker DMX 500 spectrometer, Germany). The conjugation ratio of DOCA groups in the
conjugate was studied by an elemental analyzer (Vario Micro Cube, Elementar, Germany). The critical micelle
concentration (CMC) value of the copolymer was analyzed by using a pyrene fluorescence probe. The fluorescent
spectra were measured by a Hitachi F-7000 spectrophotometer.

Preparation of Drug-Containing Micelles

The dialysis method was employed for the preparation of DOX-encapsulated micelles. Typically, 50 mg of CSSD or
ACSSD were dispersed in 20 mL of deionized water and DMSO (1:1, v:v). DOX-HCI (10 mg) was neutralized by 7.2 uLL
triethylamine in DMSO overnight and introduced into the copolymer suspensions under stirring. After 6 h, the mixed
solution was transferred to a dialysis bag (MWCO: 14 kDa) and dialyzed for 24 h. Finally, the dialysis solution was
filtered and freeze-dried.

Characterization of Drug-Free or Drug-Containing Micelles

The particle size and zeta potentials of blank or DOX-containing micelles were detected by a zeta sizer (90Plus,
Brookhaven Instruments Corp., USA). Blank or DOX-containing micelles were dispersed in aqueous media at 25 °C.
The concentration of the nanoparticles was set at 1.0 mg/mL. Particle size analysis was done at a scattering angle of 90 °
C. The shape images were detected by using transmission electron microscopy (TEM, JEM-2010, Jeol, Japan) at 80 kV.
The amount of DOX in the micelles was analyzed by ultraviolet spectrophotometer. The absorbance was detected at 480
nm. Subsequently, the DOX-loading content (LC) and encapsulation efficiency (EE) were determined by using the
following equations:

LC— amount of DOX in th’e 'micel'les  100% 0
amount of DOX — containing micelles

__amount of DOX in the micelles

EE amount of feed DOX

x 100% 2

In vitro release behavior of DOX was studied in phosphate-buffered saline (PBS, pH 7.4) with or without 10 mM
GSH at 37 °C. Briefly, 1 mL of free DOX or DOX-containing micelles was sealed in a dialysis bag and immersed with
20 mL of fresh release media in a plastic tube. The condition was maintained in an air-bath shaker at a speed of 150 rpm.
At selected time intervals, the dialysis media were removed and replenished with 20 mL of fresh media. The DOX
concentration in the media was investigated by a fluorescence spectrophotometer. The excitation and emission wave-
numbers were made at 470 and 585 nm, respectively.

Cell Culture

Murine 4T1 cells were provided by China Center for Type Culture Collection (Wuhan, China). MDA-MB-231 cells were
obtained from National Collection of Authenticated Cell Cultures (Shanghai, China). These cells were cultured in RPMI-1640
media with 10% FBS and 1% penicillin-streptomycin. The culture conditions were in a humidified atmosphere with 5% CO,.

In vitro Cellular Uptake

4T1 cells were seeded at 3.0 x 10* cells per well in 24-well plates and grown for 48 h. After the culture media were
removed, the cells were incubated in RPMI-1640 media with D-CSSD, D-ACSSD micelles or DOX-HCI. The final DOX
concentration was 5.0 pug/mL. After 4 h incubation, the drug-containing media were discarded. The cells were washed
with PBS (pH 7.4), and Hoechst 33,342 (10 pg/mL) was added. After staining for 0.5 h, the cells were fixed with 4%
paraformaldehyde. Thereafter, 4T1 cells were rinsed with PBS, and the images were captured by confocal laser scanning
microscope (CLSM, Leica SP8, Germany).
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In vitro Cytotoxicity

4T1 or MDA-MB-231 cells were seeded at a density of 5000 cells/well in 96-well plates. After the cells adhered to the
bottom of the plates, the original media were replaced with fresh media containing DOX-HCI, drug-free or DOX-
containing polymeric micelles. After 24 or 48 h incubation, the media in each well were discarded. 100 pL. of MTT
solution was added and incubated with the cells for 4 h. Subsequently, the media were removed and 150 uL. DMSO was
added. The purple crystals were dissolved for 15 min at 37 °C. The absorbance was recorded at 490 nm by using
a microplate reader.

In vitro Inhibition Activity on Cell Migration and Invasion

The wound-healing assay was adopted to investigate the ability of cell migration.?® In brief, 4T1 cells were seeded in 12-
well plates and grown until reaching nearly 85% confluence. Plastic pipette tips were used to generate scratch wounds in
the cell monolayer. 4T1 cells were washed with cold PBS and followed by incubation with fresh medium (as a control),
DOX-HCI, D-CSSD or D-ACSSD micelles. The equivalent concentration of DOX was 1.0 mg/mL. After incubation, the
cells were recorded and counted by a microscope.

The invasion assay was performed in 4T1 cells in an insert Transwell device.?? In brief, the upper chambers were pre-
coated with diluted Corning Matrigel® (1:5, 0.1 mL/well) by serum-free media. 4T1 cells (1.0 x 10°) in 0.1 mL of
serum-free media were added. The lower chambers were supplemented with 0.6 mL of culture media with 10% FBS.
DOX-HCI, D-CSSD or D-ACSSD micelles (equivalent DOX concentration: 1.0 mg/mL) were introduced into both
chambers. After 24 h incubation, the migrated cells on the lower surface of the Transwell chambers were fixed with
methanol. For staining, 0.1% crystal violet was added. The cells were observed and counted by using light microscopy.

In vivo Antitumor Effects

Female BALB/c mice were provided by Hunan SJA Laboratory Animal Co., Ltd (Changsha, China). The age was 4—6
weeks. The animal experiments were approved by the Experimental Ethics Committee of Jiujiang University (Approval
No. 2021-YX-027). All animal studies were made by the guidelines for the Ethical Review of Laboratory Animal
Welfare in China (GB/T35892-2018). The breeding conditions of laboratory animals were performed according to the
requirements of the environment and housing facilities in China (GB 14925-2010).

The orthotopic 4T1 cancer model was established in female BALB/c mice. In brief, 4T1 cells (1.0 x 10"/mice) were
subcutaneously injected into the mammary fat pad of mice. The tumor size was recorded by vernier caliper. The volume (V) was
calculated by the following equation: ¥=0.5 x a x b’ where a and b were the length and width of the tumors, respectively. As the
tumor size was up to ~1500 mm?>, mice were sacrificed. The tumors were taken out and cut into ~30 mm? parts. Then the small
tumor was implanted subcutaneously at the mammary fat pad of healthy mice.*® The drug administrations were initiated as the
tumor volumes were nearly 150 mm?>. Orthotopic 4T1-bearing mice were randomly assigned to 6 groups (n = 5). 5% glucose,
DOX-HCI, CSSD, ACSSD, D-CSSD and D-ACSSD were intravenously injected into mice every 5 days. The first day of drug
injection was set as day 0. The equivalent DOX dose was 5.0 mg/kg. The injection amounts of drug-free micelles were 40 mg/kg,
which was approximately equivalent to the amounts of copolymers in DOX-containing nanoparticles. The body weight and
tumor size were determined every day.

At the end of the experiment, mice were sacrificed. The main organs were collected and fixed with 10% formaldehyde
solution. Then, they were embedded in paraffin. After a series of treatments, hematoxylin and eosin (H&E) staining was
made on the slices. Some of these sections were applied to investigate apoptosis by the TdT-mediated dUTP nick end
labeling (TUNEL) method. The procedures were done according to the manufacturer’s protocols (Beyotime

Biotechnology, Shanghai, China).

Statistical Analysis
The numerical data were shown as mean + SD for all groups. Statistical analysis was determined by a one-way ANOVA.
P < 0.05 and P < 0.01 were defined as significant and very significant differences, respectively.
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Results and Discussion
Synthesis and Characterization of ASI411 Aptamer-Modified Conjugate

As shown in Figure 1, ACSSD conjugate was synthesized by the amidation reactions between carboxyl moieties of the
CSA backbone and primary amines of DOCA-Cys or AS1411 aptamer. EDC is generally used as a zero-length
crosslinker to couple carboxyl groups to amino groups. First, DOCA was synthesized with cystamine dihydrochloride,
and DOCA-Cys with a disulfide bond was obtained. Then, CSA was reacted with DOCA-Cys, leading to the formation of
CSSD copolymer with reduced disulfide linkers. Further, ACSSD was synthesized by conjugating 5’-NH,-AS1411 with
CSSD. The chemical structures of CSSD and ACSSD were analyzed by FTIR and 'H NMR. As shown in Figure 2A,
a shoulder peak was observed at 1702 cm™' (C=0 stretching vibration) in CSSD copolymer. It inferred that CSSD was
synthesized. Compared with CSSD, the new peak of ACSSD appeared at 926 cm ' which was assigned to the
C-H vibrations of AS1411 aptamer. These results evidenced that ACSSD had been synthesized. As presented in
Figure 2B, CSSD was confirmed by the conjugated DOCA groups at 0.66—1.86 ppm and the disulfide bond linker at
2.88 ppm.'® The peak intensity of ACSSD at 0.77 ppm increased as compared to CSSD. Additionally, a new peak of
ACSSD copolymer appeared at 2.39 ppm. These results suggested that ACSSD was successfully synthesized. The
grafted ratio of DOCA was determined by element analysis. In the CSSD copolymer, 100 sugar units of CSA were
conjugated with 7.9 DOCA groups.

To investigate the ability of self-assembly, the CMC value of ACSSD was studied by fluorescence analysis of pyrene.
As presented in Figure 2C, the CMC value of ACSSD copolymer was 0.076 mg/mL. Such low CMC value ensured that
the copolymer can spontancously form self-assembled micelles and be stable in highly diluted conditions. The TEM
image demonstrated that the morphology of ACSSD micelles was almost spherical (Figure 2D). The particle size of
blank ACSSD micelles was 355 nm determined by DLS (Table 1), which was larger than that analyzed by TEM. It is
partly ascribed to the different processes of sample preparation. The TEM particles were in a dried state, whereas the
nanoparticles analyzed by DLS were in a hydrated state. In addition, the particle diameter of CSSD was 364 nm
(Table 1). It indicated that ACSSD was almost the same size as CSSD. The zeta potentials of CSSD and ACSSD were
—41.8 and —40.5 mV, respectively. As stated, the negative potentials were beneficial for passive targeting by the EPR
effect and prevention of rapid clearance of the micelles in vivo.'”

Amphiphilic copolymer could form self-assembled aggregates in aqueous media. By using a dialysis method, the
DOX base was encapsulated into the core of CSSD or ACSSD micelles. As shown in Table 1, the loading content of
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Figure 2 (A) FTIR patterns of CSA, CSSD and ACSSD. (B) 'H NMR spectra of CSA, CSSD and ACSSD. (C) Plot of the l334/l33; ratio vs log C from pyrene excitation
spectra of ACSSD. (D) TEM photos of ACSSD and D-ACSSD.
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Table | Physicochemical Characteristics of Drug-Free and Drug-Containing Micelles

Sample Particle Size (hnm)® | Polydispersity Index | Zeta Potentials (mv) LC (%) EE (%)

CSSD 364 £ 293 0.159 + 0.02 418+ 12 - -
ACSSD 355 £ 26.1 0.152 + 0.02 —405 + 1.7 - -
D-CSSD 311 +£227 0.156 + 0.02 —423 +24 142 +1.0 | 854 + 6.1
D-ACSSD 295 £ 294 0.188 + 0.03 —40.1 + 2.3 137 +13 | 822+79

Note: *Measured by DLS.

D-CSSD and D-ACSSD micelles were 14.2% and 13.7%, respectively. The encapsulation efficiency of DOX in the
micelles was >80%, which indicated that the drug was well incorporated. The diameters of D-CSSD and D-ACSSD
determined by DLS were 311 and 295 nm, respectively. The sizes of drug-containing micelles were smaller than those of
their counterpart drug-free micelles. The micelles after drug loading become compact. This shrinkage phenomenon is
attributed to the improved interaction between hydrophobic groups of the conjugates and DOX base. A similar result was
stated by other researchers.>’ The zeta potentials of D-CSSD and D-ACSSD micelles were —42.3 and —40.1 mV,
respectively. TEM image displayed the spherical-shaped structure of D-ACSSD micelles (Figure 2D). These nanopar-
ticles were expected to have a good ability to accumulate at tumor sites.

In vitro Drug Release

The release behaviors of DOX from drug-containing micelles were investigated in PBS (pH 7.4) in the presence or
absence of 10 mM GSH, simulating the body fluid. The results are presented in Figure 3. Free DOX was completely
released within 8 h in PBS (pH 7.4). It revealed that free drugs diffused from a dialysis bag into the media speedily.
Meanwhile, DOX release from D-CSSD and D-ACSSD micelles were 54.4% and 52.3% in 96 h, respectively. There
were no pronounced differences in these drug-encapsulating micelles. It inferred that AS1411 aptamer modification did
not affect drug release. This incomplete drug-releasing behavior of DOX-loaded micelles might be attributed to the
hydrophobic interactions between DOX molecules and the hydrophobic segments.*** In addition, the cumulative DOX

120

—<— Free DOX

1 —4—D-CSSD (PBS)
20 - —=—D-ACSSD (PBS)
—v— D-CSSD (PBS + 10 mM GSH)
0 —e— D-ACSSD (PBS +10 mM GSH
L L L L L L R e s
0 10 20 30 40 50 60 70 80 90 100
Time (h)

Figure 3 Release curves of DOX from free DOX, D-CSSD or D-ACSSD micelles in PBS (pH 7.4) or PBS (pH 7.4, |0 mM GSH) at 37 °C.

Percent accumulation release of DOX
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release rate from D-CSSD was 86.7% for 96 h in PBS containing 10 mM GSH, which was more (P < 0.05) than that in
PBS without GSH. Under the same conditions containing GSH, approximately 88.3% of DOX was released from
D-ACSSD. These results indicated that reduced GSH was attributed to the breakage of the disulfide bond linker in the
copolymers, leading to a quick drug release. We inferred that the D-CSSD and D-ACSSD micelles had reduction-

responsive characteristics and could increase drug concentrations in the tumor cells.

In vitro Cellular Uptake

Given that cell entry efficiency and intracellular release are very important for the therapeutic activities of antitumor
drugs, we further studied the cellular uptake of DOX-containing micelles. Three DOX-based formulations were
incubated with 4T1 cells for 4 h. By CLSM observations (Figure 4), DOX emitted red fluorescence, and Hoechst
33,342 showed blue fluorescence in the nucleus. DOX-HCI exhibited the strongest red fluorescence among these DOX
formulations. Similar results were described by some researchers.***3 DOX-containing micelles with red fluorescence
were mostly distributed in the cytoplasm, whereas DOX-HCI was seen mainly in the nucleus. These results were mostly
due to that free DOX-HCI could quickly diffuse into the cells, and drug-containing polymeric micelles were entered into
4T1 cells in an endocytosis manner. It appeared different amounts of DOX accumulation in the intracellular cells. As
described above, DOX-containing polymeric nanoparticles have large particle sizes and high molecular weight. It leads
to low DOX accumulation and a slow rate of drug release in 4T1 cells. Further, these results were in accord with the
above drug release in vitro. Importantly, D-ACSSD micelles demonstrated stronger red spots in 4T1 cell lines, revealing
a higher uptake than D-CSSD micelles. The improved cellular uptake of D-ACSSD was largely due to the targeting

interactions between the AS1411 aptamer and the nucleolin of 4T1 cells.*®

Hoechst 33342  Overlay

B I-ICI- . ‘
I:)-CSSD..‘
o . . 1

Figure 4 CLSM images of DOXHCI, D-CSSD and D-ACSSD micelles incubated in 4T1 cells for 4 h.
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In vitro Cytotoxicity

In vitro antitumor activities of drug-containing micelles were comparatively studied against 4T1 and MDA-MB-231 cells by the
MTT method. It is known that both MDA-MB-231 and 4T1 cells are CD44-receptor positive and highly metastatic.>’=* As
presented in Figure 5, DOX-based formulations exhibited dose-dependent killing activities. The half-inhibitory concentration
(ICs0) values of D-CSSD, D-ACSSD and DOX-HCI were 4.98, 3.82 and 0.91 pg/mL against MDA-MB-231 cells at 24 h,
respectively (Table 2). Additionally, the ICsy value of DOX-HCl was 1.62 pg/mL in 4T1 cells for 24 h treatment, which was 2.75
and 1.94-times lower than that obtained for D-CSSD and D-ACSSD micelles, respectively. It is known that DOX molecules are
attributed to the toxic effect. The results exhibited that DOX-HCI exerted the strongest cytotoxic effect against 4T1 and MDA-
MB-231 cells in vitro. Similar phenomena were described by other researchers.*”*° It was partly ascribed to the quick diffusion
of free DOX-HCI and the slow drug release of DOX-containing micelles. It agreed with the results of CLSM observations.
Notably, the ICsq of D-ACSSD was lower (P<0.05) than that of D-CSSD micelles in MDA-MB-231 and 4T1 cells. This was
attributed to the improved cellular uptake and targeted nucleolin of D-ACSSD in these cells.

The antitumor tendencies of DOX-containing nanoparticles were further evaluated at the time point of 48 h. As shown in
Figures 6A and 6B, the inhibition activities of three DOX formulations were time- and concentration-dependent. In MDA-MB
-231 cells, the ICsq values of DOX-HCIL, D-CSSD or D-ACSSD were 0.27, 0.95 or 0.41 pg/mL at 48 h, respectively (Table 2).
D-ACSSD was significantly stronger inhibition than D-CSSD (P < 0.01). In addition, the ICs, value of D-ACSSD was 1.50-fold
lower than that of D-CSSD (P < 0.05) in 4T1 cells at 48 h (Table 2). These results were ascribed to selectively targeting nucleolin
of D-ACSSD as described above. In addition, blank CSSD and ACSSD did not show cytotoxicity against MDA-MB-231 and
4TI cells at the equivalent polymer concentration of D-CSSD and D-ACSSD (Figures 5 and 6). These results suggested that
D-ACSSD could effectively deliver DOX into the tumor sites in a nucleolin and CD44 receptor-targeting manner.

In vitro Inhibition Activity on Cell Migration and Invasion

Cancer metastasis is a complex and multi-step process. It comprises the detachment of cancer cells from the primary
tumor site, migration and invasion at the initial stage.*' As previously reported, AS1411 was evaluated for the treatment
of metastatic renal cell carcinoma.*? Herein, a wound-healing assay was employed to investigate the inhibition capability
of D-ACSSD micelles on the migration of 4T1 cells. The wound closure was recorded at 0 and 24 h. As shown in
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Figure 5 In vitro cytotoxicity of D-CSSD, D-ACSSD, DOX ‘HCI, blank CSSD and ACSSD micelles in (A and C) MDA-MB-231 and (B and D) 4TI cells for 24 h.
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Figure 6 In vitro cytotoxicity of D-CSSD, D-ACSSD, DOX ‘HCI, blank CSSD and ACSSD micelles in (A and C) MDA-MB-23| and (B and D) 4T cells for 48 h.

Figure 7, the average healing rate of cultured media reached 74.3% and was reduced by DOX formulations. The wound-
healing rates of DOX-HCI, D-CSSD and D-ACSSD micelles were reduced to 27.0%, 63.5% and 44.5%, respectively. In
addition, the healing rate of D-ACSSD was lower than that of D-CSSD (P < 0.05). It was due to the AS1411 targetability
of D-ACSSD in 4T1 cells. It agreed with the results of cytotoxicity in vitro.

The cell invasion assay was conducted by using Transwell chambers with pre-coating matrigel, simulating to allow the
tumor cells to degrade the extracellular matrix barrier and migrate through the vessels.** As shown in Figure 8, 4T1 cells in the
cultured media group easily invaded the lower chamber. DOX-HCI, D-CSSD and D-ACSSD micelles inhibited cell invasion
to varying degrees, which were 24.5%, 41.1% and 77.2%, respectively. Especially, D-ACSSD micelles exhibited better
inhibitory effects on the metastasis of 4T1 cells than D-CSSD micelles (P<0.05). The effect of D-ACSSD micelles might be
attributed to the active targeting activity by AS1411 aptamer and improved intracellular DOX concentration.”* Therefore,
D-ACSSD micelles could effectively enhance the inhibition of migration and invasion of 4T1 cells after AS1411 modification.

In vivo Antitumor Effects

The 4T1 orthotopic mice model was established by implanting cancer cells into the breast pad of mice. Then, the original
tumor was dissected and cut into small parts. Further, the small tumors were inoculated into the breast pad of mice. In
vivo antitumor activities were carried out on 4T1 orthotopic mice with lung metastases. The mice received an
intravenous injection of 5% glucose, blank micelles, DOX-HCI, D-CSSD or D-ACSSD micelles. The primary tumor

Table 2 ICsq Values of DOX HCI, D-CSSD and D-ACSSD in MDA-
MB-231land 4TI Cells (n = 3)

Sample (pg/mL) MDA-MB-231 4TI
24 h 48 h 24 h 48 h
DOX HCI 0.9140.14 | 0.27+0.04 | 1.62+0.29 | 0.46+0.05
D-CSSD 4.9840.59 | 0.95+0.13 | 4.45+0.63 | 1.02+0.14
D-ACSSD 3.82+0.42 | 0.411+0.06 | 3.14+0.45 | 0.68+0.07
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Figure 7 (A) Typical images and (B) quantified wound healing inhibitory effect of culture media (control), D-CSSD, D-ACSSD and DOX HCl in 4T1 cells.
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Figure 8 (A) Typical images and (B) quantified invasion effect of culture media, D-CSSD, D-ACSSD and DOX HCl in 4T cells.

size and body weight were measured during the whole treatment period. The change rate of tumor volume in the
mammary was based on the start point (Figure 9). As expected, the tumor volumes in the groups of 5% glucose, CSSD
and ACSSD greatly increased throughout the experiment (Figure 9A). The differences among these groups were not
significant (P > 0.05). However, three DOX-containing groups exhibited extremely significant differences in the
inhibition of tumor growth compared with 5% glucose group (P < 0.001). More importantly, D-ACSSD micelles showed
the strongest effect on tumor inhibition in contrast with D-CSSD micelles (P < 0.05) and DOX-HCI (P < 0.01). As
previously reported, free drugs would be rapidly cleared from blood circulation in vivo, leading to a short half-life time
and low area under the curve.** Drug-encapsulated micelles could prolong the circulation time in vivo, delay the
clearance and concentrate the drug in targeted sites by the EPR effect.””** Interestingly, the reduction-sensitive DOX
release from D-CSSD or D-ACSSD micelles could increase the concentration of drug molecules in the intracellular cells.
D-ACSSD micelles also could transport into the 4T1 tumor sites in dual nucleolin and CD44-targeting ways, demon-
strating stronger pharmacological action than single-targeting D-CSSD micelles. As presented in Figure 9B, no obvious
changes were detected in the body weights from all groups, and no statistical differences were detected.

The HE staining analysis was further to confirm the antitumor results. As shown in Figure 9C, the D-ACSSD
group exhibited the maximum areas of cell necrosis and apoptosis. DOX-HCI and D-CSSD micelles induced mild
tumor apoptosis. Furthermore, we assessed tumor cell apoptosis by TUNEL staining (Figure 9D). 5% glucose and
blank micelle groups showed almost no green fluorescence in the primary tumors. Importantly, DOX-containing
formulations emitted green fluorescence on different levels, indicating that nuclear DNA fragments produced
during cell apoptosis. In particular, D-ACSSD micelles induced the highest rates of apoptosis, which was higher
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Figure 9 (A) Tumor growth curves and (B) body weight of orthotopic 4T |-bearing mice after the treatment with 5% glucose, DOX ‘HCI, CSSD, ACSSD, D-CSSD and
D-ACSSD micelles (n = 5). (C) H&E and (D) TUNEL staining images of the tumors. *P < 0.05, **P < 0.01, ***P < 0.001.

than D-CSSD micelles and free DOX-HCI. The TUNEL results were consistent with those of tumor growth
monitoring and HE staining. Therefore, the histological analysis provided more evidence for the outstanding
therapeutic efficacy of dual targeting and reduction-sensitive D-ACSSD micelles.

As shown in Figure 10A, tumor metastatic nodules could be clearly observed on the surface of the lungs in 5% glucose,
CSSD and ACSSD groups. Interestingly, the occurrence of lung metastasis in DOX-loaded micelles exhibited fewer
metastases than that in DOX-HCI group. Surprisingly, no tumor nodules appeared in the lungs of D-ACSSD groups.
These results indicated that AS1411-modified micelles had significant targeting effects and suppressed the lung metastasis of
4T1 tumors.*® The pathological sections of lung tissues were seen to further study the inhibition of lung metastasis. As shown
in Figure 10B, cancer nests were seen in the lung sections in 5% glucose and blank micelle groups but rarely observed in the
D-ACSSD group. These results demonstrated that D-ACSSD micelles could simultaneously inhibit lung metastasis and
primary tumor growth. Therefore, D-ACSSD could be an excellent drug system in the therapy of metastatic breast cancer.
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Figure 10 (A) Representative pictures of the lungs, and (B) H&E staining images of the lungs after administration of 5% glucose, DOX‘HCI, CSSD, ACSSD, D-CSSD and
D-ACSSD micelles in orthotopic 4T |-bearing mice. Yellow and black arrows represent lung metastases.

Conclusion

In summary, AS1411 aptamer-modified ACSSD micelles were successfully fabricated, and could effectively encapsulate DOX
with good loading content. D-ACSSD micelles exhibited reduction-sensitive drug release in vitro and had higher inhibitory
effects on the invasion and migration of 4T1 cells than D-CSSD. Notably, D-ACSSD micelles demonstrated stronger inhibition
of antitumor activity and tumor metastasis in vivo, compared with free DOX-HCl and D-CSSD micelles. These results indicated
that D-ACSSD would be an effective and smart delivery system against metastatic breast tumors. However, we did not explore
the in-depth mechanism of D-ACSSD micelles in the tumor microenvironment in vivo. This is the focus of our future work.
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