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Background: Cancer stem cells (CSCs) possess the characteristics associated with normal stem 

cells and are responsible for cancer initiation, recurrence, and metastasis. CD133 is regarded 

as a CSCs marker of osteosarcoma, which is the most common primary bone malignancy in 

childhood and adolescence. Salinomycin, a polyether ionophore antibiotic, has been shown 

to kill various CSCs, including osteosarcoma CSCs. However, salinomycin displayed poor 

aqueous solubility that hinders its clinical application. The objective of this study was to develop 

salinomycin-loaded nanoparticles to eliminate CD133+ osteosarcoma CSCs.

Methods: The salinomycin-loaded PEGylated poly(lactic-co-glycolic acid) nanoparticles 

(SAL-NP) conjugated with CD133 aptamers (Ap-SAL-NP) were developed by an emulsion/

solvent evaporation method, and the targeting and cytotoxicity of Ap-SAL-NP to CD133+ 

osteosarcoma CSCs were evaluated.

Results: The nanoparticles are of desired particle size (~150 nm), drug encapsulation efficiency 

(~50%), and drug release profile. After 48 hours treatment of the Saos-2 CD133+ osteosarcoma 

cells with drugs formulated in Ap-SAL-NP, SAL-NP, and salinomycin, the concentrations 

needed to kill 50% of the incubated cells were found to be 2.18, 10.72, and 5.07 µg/mL, respec-

tively, suggesting that Ap-SAL-NP could be 4.92 or 2.33 fold more effective than SAL-NP 

or salinomycin, respectively. In contrast, Ap-SAL-NP was as effective as SAL-NP, and less 

effective than salinomycin in Saos-2 CD133- cells, suggesting that Ap-SAL-NP possess specific 

cytotoxicity toward Saos-2 CD133+ cells. Ap-SAL-NP showed the best therapeutic effect in 

Saos-2 osteosarcoma xenograft mice, compared with SAL-NP or salinomycin. Significantly, 

Ap-SAL-NP could selectively kill CD133+ osteosarcoma CSCs both in vitro and in vivo, as 

reflected by the tumorsphere formation and proportion of Saos-2 CD133+ cells.

Conclusion: Our results suggest that CD133 is a potential target for drug delivery to osteo-

sarcoma CSCs and that it is possible to significantly inhibit the osteosarcoma growth by killing 

CD133+ osteosarcoma CSCs. We demonstrated that Ap-SAL-NP have the potential to target 

and kill CD133+ osteosarcoma CSCs.

Keywords: targeted therapy, ligand-conjugated nanomedicines, cancer initiating cells

Introduction
Osteosarcoma, the most common primary bone malignancy in childhood and 

adolescence, comprises almost 60% of the common histological subtypes of bone 

sarcomas in childhood.1 Despite advances having been achieved in surgery and 

chemotherapy, the long-term survival rates of osteosarcoma have stagnated at ~65%.2 

The failure in osteosarcoma therapy is mainly due to tumor recurrence or lung 
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metastasis,3 which probably is due to the inability to eliminate 

the residual tumor cells after surgery and chemotherapy.4 

Thus, it is urgent to develop novel approaches to eliminate 

therapy-resistant osteosarcoma.5

Cancer stem cells (CSCs), a subpopulation of cancer cells, 

possess the characteristics associated with normal stem cells.6 

CSCs possess unique intrinsic or acquired characteristics, 

such as self-renewal, quiescence, and over-expression of 

adenosine triphosphate-binding cassette transporters, lead-

ing to their resistance to chemotherapy and radiotherapy, 

and are responsible for cancer initiation, recurrence, and 

metastasis.7 Thus, treatment of CSCs plays a critical role 

in cancer therapy. In some cases, patients with osteosar-

coma will develop a tumor relapse after chemotherapy and 

surgery.8,9 This clinical feature leads us to presume that cur-

rent therapeutic approaches are not efficient to target CSCs in 

osteosarcoma, according to the concept of CSCs.5,10 Cluster 

of differentiation 133 (CD133) is recognized as a stem cell 

marker for normal and cancerous tissues. Currently, CD133 

is regarded as a CSCs marker in osteosarcoma and other 

tumors.11–13 CD133+ osteosarcoma cells can form mam-

mospheres, which could be able to initiate tumor growth 

in nonobese diabetic/severe combined immunodeficiency 

(NOD/SCID) mice, to express stemness genes, and to dif-

ferentiate into mesenchymal lineages, such as osteoblasts 

and adipocytes.11–13 To completely eradicate osteosarcoma, 

it is critical to target CD133+ osteosarcoma cells.

Using various high-throughput screening methods, 

researchers have identified several old chemotherapy drugs 

(salinomycin and thioridazine) for their novel application 

in anti-CSCs activity. Salinomycin, a polyether ionophore 

antibiotic, has been shown to kill various CSCs, including 

breast CSCs and leukemia CSCs.14–16 Recently, Tang et al 

demonstrated that salinomycin could inhibit osteosarcoma by 

selectively targeting its CSCs both in vitro and in vivo, and 

the Wnt/β-catenin signaling pathway may be involved in the 

therapeutic mechanism of salinomycin.17 Although salino-

mycin has shown high potency in killing CSCs, salinomycin 

displayed poor aqueous solubility that hinders its clinical 

application.18 Incorporating salinomycin in nanoparticles 

can address these problems. For example, several studies 

have developed salinomycin-loaded nanoparticles to deliver 

salinomycin to drug-resistant cancer cells or CSCs.18,19

Nanoparticles prepared with poly(lactic-co-glycolic acid) 

(PLGA) receive extensive attention and are used widely since 

their safety in the clinic is well established.20 Polyethylene 

glycol (PEG)-functionalized PLGA nanoparticles are espe-

cially desirable because PEGylated polymeric nanoparticles 

have significantly prolonged systemic circulation compared 

with the nanoparticles without PEG,21 which greatly improve 

the passive targeting of nanoparticles to tumor by the enhanced 

permeability and retention effects. Nanoparticles conjugated 

with targeting ligands have recently attracted a great deal of 

interest, principally due to their potential use as targeted drug 

delivery systems.22 Aptamers are oligonucleic acid or peptide 

molecules that bind to a specific target molecule. Aptamers 

have several distinct advantages, such as low molecular 

weights, lack of immunogenicity, and they are readily avail-

able. Thus, aptamers are good candidates for targeted imaging 

and therapy.23 Various aptamers have been developed against 

a variety of cancer targets, including extracellular ligands and 

cell surface proteins.24 A15 is an RNA aptamer that binds to 

CD133 and could be efficiently internalized after binding, 

and it has been successfully exploited as a targeting ligand for 

tracking CD133 positive cancer cells.25 Therefore, we specu-

lated that the A15–CD133 interaction could be utilized as a 

strategy to mediate highly specific and effective drug delivery 

to CD133-overexpressing osteosarcoma CSCs.

In this study, to obtain a robust drug-delivery system 

for specifically targeting CD133+ osteosarcoma CSCs, we 

developed and characterized salinomycin-loaded PLGA 

nanoparticles (SAL-NP) conjugated with CD133 aptamers 

(Ap-SAL-NP). The antitumor activity and mechanism includ-

ing the elimination ability of CD133+ osteosarcoma CSCs of 

Ap-SAL-NP was investigated in vitro and in vivo.

Materials and methods
Materials
PLGA (17 k)-PEG (3 k)-COOH was bought from PolySciTech 

(Akina, Inc., West Lafayette, IN, USA). Salinomycin, cou-

marin 6, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC), and N-hydroxysuccinimide (NHS) were purchased 

from Sigma-Aldrich (St Louis, MO, USA). The CD133 

MicroBead Kit and phycoerythrin (PE)-labeled CD133/2 

(293C3) antibodies (PE-CD133 antibodies) were obtained 

from Miltenyi Biotec (Bergisch Gladbach, Germany). A15 

aptamers (sequence: 5′-NH
2
-CCCUCCUACAUAGGG-3′) 

were synthesized by GenePharma Co., Ltd (Shanghai, 

People’s Republic of China). Dulbecco’s Modified Eagle’s 

Medium (DMEM) and fetal bovine serum (FBS) were pur-

chased from Thermo Fisher Scientific (Waltham, MA, USA). 

The primers were synthesized by Thermo Fisher Scientific, 

and the sequence of the primers are listed in Table S1. All 

organic reagents were of analytical grade and purchased from 

Sinopharm (Shanghai, People’s Republic of China) unless 

otherwise stated.
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Cell lines and culture
The Saos-2, U-2 OS, and MG-63 osteosarcoma cell lines 

were purchased from the Cell Culture Center, Shanghai 

Institutes for Biological Sciences, the Chinese Academy of 

Sciences (Shanghai, People’s Republic of China). The cells 

were maintained in DMEM supplemented with 10% FBS,  

25 mM hydroxyethyl piperazine ethanesulfonic acid buf-

fer, 100 U/mL penicillin, and 100 µg/mL streptomycin in a 

humidified atmosphere of 5% carbon dioxide at 37°C.

Magnetic-activated cell sorting  
of CD133+ cells
The CD133+ cells was isolated from the osteosarcoma 

cell lines using magnetic-activated cell sorting (Miltenyi 

Biotec), according to the manufacture’s protocols. Briefly, 

cell suspension was collected as described and centrifuged 

for 5 minutes at 1,200× g. The supernatant was removed,  

20 µL CD133 microbeads were added, mixed, and incubated 

for 15 minutes at 4°C under dark conditions. Uncombined 

microbeads were removed by two washes, and the pellet was 

resuspended in 500 µL PBE (phosphate-buffered saline [PBS] 

supplemented with 0.5% bovine serum albumin and 5 mM 

ethylenediaminetetraacetic acid) and separated on a magnetic 

separation column. Column flow through contained CD133+ 

cells. The CD133+ cells retained by the column were washed 

with PBE and collected. The CD133+ cells were labeled with 

PE-CD133 antibodies, and the purity was determined by flow 

cytometry, as described in the next section.

CD133 expression of the cells
The cells were incubated with PE-CD133 antibodies (1 µg/mL)  

for 45 minutes at 4°C. After that, the cells were washed and 

suspended in PBS (pH 7.4), and the CD133 expression of 

the cells, as reflected by the proportion of positively stained 

cells and mean fluorescence intensity, was analyzed by flow 

cytometry (BD Biosciences, San Jose, CA, USA).

Preparation of salinomycin-loaded  
PLGA nanoparticles
SAL-NP were prepared with an emulsion/solvent evapora-

tion method as described previously.26 Briefly, 25 mg PLGA 

(17 k)-PEG (3 k)-COOH and 1 mg salinomycin were dis-

solved in 2 mL dichloromethane, which was then added into 

4 mL of a 1% sodium cholate aqueous solution. The mixture 

was sonicated using a probe sonicator for 45 seconds at 

150 W output. After sonication, the formed emulsion was 

added dropwise into 20 mL of 0.5% sodium cholate under 

magnetic stirring. Then, dichloromethane was removed 

by evaporation overnight. The untrapped salinomycin was 

removed by ultrafiltrating the nanoparticles with deionized 

water (15 mL ×4) using Amicon® Ultra-15 centrifugal filter 

devices (100,000 nominal molecular weight limit; EMD 

Millipore, Billerica, MA, USA). Blank nanoparticles were 

prepared as described above, without the addition of sal-

inomycin. Coumarin 6-loaded nanoparticles (C6-NP) were 

prepared with the same protocol by adding 0.1% (w/w) of 

coumarin 6.

Preparation of salinomycin-loaded PLGA 
nanoparticles conjugated with CD133 
aptamers
For preparation of Ap-SAL-NP, CD133 aptamers (ie, A15 

aptamers) were conjugated to the nanoparticles via an EDC/

NHS technique as described by Guo et al.27 Briefly, SAL-NP 

suspended in deionized water (2.5 mg/mL) was incubated 

with excess NHS (50 mM) and EDC (100 mM) at room 

temperature for 30 minutes. The resultant NHS-activated 

SAL-NP was washed with deionized water (4 mL ×4) by 

ultrafiltration (Amicon® Ultra-4 centrifugal filter devices, 

100,000 nominal molecular weight limit; EMD Millipore). 

The resultant nanoparticles were incubated with 1 mL of A15 

aptamers (0.5 mg/mL) for 4 hours under magnetic stirring. 

The obtained Ap-SAL-NP were washed with deionized water 

(4 mL ×4) by ultrafiltration, resuspended in distilled water, 

and stored at 4°C until use.

Size, zeta potential, and morphology
After the nanoparticles were suspended in deionized water, 

their particle size was analyzed by dynamic light scatter-

ing using Zetasizer Nano S90 (Malvern Instruments Ltd., 

Malvern, UK). The zeta potential of the nanoparticles was also 

analyzed by Zetasizer Nano S (Malvern Instruments Ltd.).

The morphological examination of the nanoparticles 

was performed by transmission electron microscopy (TEM). 

Briefly, samples were prepared by dropping one drop of nano-

particle dispersion onto a copper grid coated with a carbon 

membrane. Then the samples were stained by 2% phospho-

tungstic acid and dried. The nanoparticles were visualized 

under the Hitachi H-600 TEM (Hitachi Ltd., Tokyo, Japan) 

(accelerating voltage of 75 kV).

Determination of the encapsulation 
efficacy and loading efficacy of 
salinomycin and coumarin-6
The encapsulation efficacy (EE) and drug loading of salino-

mycin were determined as described below. Briefly, 5 mg 
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nanoparticles were fully dissolved in 1 mL dichloromethane. 

The dichloromethane solution was evaporated in a vacuum 

evaporator and 5 mL methanol was added to form a clear 

solution sample for high performance liquid chromatography 

(HPLC) (L-2000; Hitachi Ltd.) analysis. The HPLC was 

equipped with a reverse phase C-18 column (Diamond,  

250 mm ×4.6 mm, 5 µm). For HPLC analysis, the 

mobile phase consisted of acetonitrile/deionized water/

tetrahydrofuran/phosphoric acid (85/10/5/0.01, v/v), with 

a flow rate at 1.5 mL/min. The detection wavelength and 

column temperature were set at 210 nm and 30°C, respec-

tively. The injection volume was 20 µL. All the samples were 

filtered through a syringe filter (0.45 µm pore size; EMD 

Millipore) before HPLC analysis. The EE of salinomycin 

was calculated from the following formula:

	 M
E
/M

T
 ×100%� (1)

where M
E
 and M

T 
were defined as the mass of encapsulated 

salinomycin and the mass of totally added salinomycin, 

respectively. The drug loading of salinomycin was calculated 

from the following formula:

	 M
E
/M

N
 ×100%� (2)

where M
E
 and M

N
 were defined as the mass of encapsulated 

salinomycin and the mass of salinomycin loaded nanopar-

ticles, respectively.

The drug loading of coumarin 6 in C6-NP was calculated 

according to a coumarin-6 calibration curve constructed by 

standard lead coumarin-6 solutions.

In vitro drug release
In vitro release study was performed on the nanoparticles 

using PBS (pH 7.4) and human plasma as the release media. 

Briefly, the nanoparticles were suspended in a centrifuge 

tube at the concentration of 0.5 mg/mL, which was put in an 

orbital shaker and vibrated horizontally at 100× g at 37°C. At 

predetermined time intervals, the tubes were taken out and 

centrifuged at 12,000× g for 40 minutes. The supernatant 

was then subjected to HPLC analysis as described above, 

and the pellet was resuspended in fresh dissolution medium 

and put back into the shaker until the next designated time 

point measurement.

In vitro cellular uptake evaluated by 
confocal studies and flow cytometry
For in vitro cellular uptake study, CD133+ or Saos-2 CD133- 

cells were seeded in 12-well tissue culture plates at a density 

of 2.5×105 cells per well and incubated overnight at 37°C. 

Then, the cells were treated with free coumarin 6 or C6-NP 

for 2 hours at 37°C, which had an equivalent concentration of 

coumarin 6 (15 ng/mL). After washing with PBS containing 

0.1% Tween 20, the cells were fixed with 4% paraformal-

dehyde. The cells were counterstained with 4′,6-diamidino-

2-phenylindole dihydrochloride and mounted under glass 

coverslips. The immunofluorescence was visualized with a 

confocal microscope (Leica TCS SP5; Leica Microsystems, 

Wetzlar, Germany). For flow cytometry analysis, the cells 

were rinsed three times with ice-cold PBS to remove free 

coumarin 6 or C6-NP. Then, the cells were dissociated, col-

lected, and analyzed by flow cytometry (BD Biosciences).

Cell proliferation assays
The cytotoxic effect of the nanoparticles against the cells was 

measured using the Cell Counting Kit-8 (Dojindo Labora-

tories, Kumamoto, Japan) according to the manufacturer’s 

protocols. Briefly, cells were seeded in 96-well plates with 

a density of 5×103 cells per well overnight. The cells were 

incubated with a series of concentrations of the nanoparticles 

or free salinomycin. After 48 hours or 72 hours, the cell pro-

liferation was evaluated by adding 10 µL Cell Counting Kit-8 

solution to each well of the plate. Two hours after incubation, 

the absorbance was measured at 450 nm/630 nm with the 

BIO-TEK ELx800 Universal Microplate Reader (BioTek, 

Winooski, VT, USA). The cell viability was calculated using 

the following formula:

	 ([A
E
 - A

B
]/[A

C 
- A

B
]) ×100%� (3)

where A
E
, A

C
,
 
and A

B
 are defined as the absorbance of 

experimental samples, untreated samples, and blank controls, 

respectively.

Quantitative real-time polymerase  
chain reaction
Total RNA was extracted from the cells with the Trizol® 

Reagent (Thermo Fisher Scientific). With the Reverse 

Transcription System kit (Promega Corporation, Fitch-

burg, WI, USA), the first-strand complementary DNA was 

reverse transcribed from RNA. Real-time polymerase chain 

reaction (RT-PCR) was performed using a Light Cycler 

(Hoffman-La Roche Ltd., Basel, Switzerland). The messen-

ger RNA (mRNA) expression levels, which were normalized 

against β-actin, were calculated and expressed as 2CΔΔCT as 

described previously, where ΔC
t
 = C

t, target
 - C

t, β-actin
 and ΔΔC

t
 =  

C
t, experiment condition

 - ΔC
t, control condition

.27
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The effect of nanoparticles on the 
proportion of CSCs within the Saos-2 
cell population
The effect of nanoparticles on the CSCs proportion of Saos-2 

cells, as reflected by the tumorsphere formation ability and 

the proportion of CD133+ cells, was examined by the follow-

ing methods. Briefly, Saos-2 cells were seeded in 12-well 

plates at a density of 5×104 per well and cultured overnight. 

The cells were treated with the nanoparticles or free salino-

mycin (at a salinomycin concentration of 3 µg/mL) or left 

untreated. Twenty-four hours after treatment, the drugs were 

removed and the cells were washed and incubated with fresh 

medium at 37°C for 72 hours. Thereafter, the cells were 

trypsinized and cultured in ultralow adherent 6-well dishes 

(Corning Incorporated, Corning, NY, USA) at a density of 

2,000 cells per well to obtain mammospheres. The cells were 

cultured in stem cell-conditioned culture medium, consisting 

of serum-free DMEM-F12, supplemented with 20 ng/mL 

basic fibroblast growth factor (Sigma-Aldrich), 20 ng/mL 

epidermal growth factor (Sigma-Aldrich), 1× B27 (Thermo 

Fisher Scientific), 1× insulin-transferrin-selenium (Thermo 

Fisher Scientific). After 5–7 days, the number of the tumor-

spheres was counted under an inverted light microscope. The 

tumorspheres should be solid, round structures, and the cells 

appear fused together, and it is difficult to distinguish them as  

individual cells. Alternatively, the cells were trypsinized, 

and the proportion of CD133+ cells in the Saos-2 cells was 

analyzed by flow cytometry using the method described in 

the section “CD133 expression of the cells.”

Animal studies
All mice were purchased from the Shanghai Experimental 

Animal Center of Chinese Academy of Sciences (Shanghai, 

People’s Republic of China). Mice were placed in a pathogen-

free environment and allowed to acclimate for a week before 

being used in studies. The in vivo study was conducted 

according to the ethical principles of Fudan University 

Institutional Animal Care and Use Committee (Shanghai, 

People’s Republic of China).

In vivo tumorigenic potential  
of Saos-2 cells
The in vivo tumorigenic potential of Saos-2 cells was evalu-

ated using an in vivo tumorigenicity assay. Briefly, CD133+ or 

Saos-2 CD133- cells (2×103 to 5×105 cells) were implanted sub-

cutaneously into BALB/c nude mice (male, 4–6 weeks, ~20 g).  

Saos-2 CD133+ cells and Saos-2 CD133- cells were injected 

into the left and right sides of the same mice. The tumor 

formation of the cells was examined over a period of 12 

weeks.

In vivo antitumor assays in mice
The in vivo therapeutic effect of the nanoparticles was 

examined in a subcutaneous osteosarcoma xenograft model. 

Briefly, 1×107 Saos-2 cells were injected subcutaneously on 

day 0 into BALB/c mice (male, 4–6 weeks, ~20 g). Tumors 

reached about ~50 mm3 in size by day 15. Starting on day 15,  

mice were treated with intravenous injections via tail vein 

of the nanoparticles or free salinomycin (5 mg/kg). Each 

group consisted of eight mice. All the formulations were 

given to mice via tail vein except that free salinomycin was 

administered by intraperitoneal injection with the aid of 

ethanol due to the insolubility and toxicity of salinomycin. 

All the groups were injected nine times (on days 15, 17, 19, 

21, 23, 25, 27, 29, and 31). On day 34, the effect of the drugs 

on the proportion of CSCs in the Saos-2-induced tumors  

in vivo was evaluated as described below. Briefly, three 

mice were euthanized, and the tumors were excised. The 

excised tumors were sterilized by 75% ethanol and washed 

with PBS (pH 7.4). The excised tumors were cut into small 

pieces and digested with the collagenase I solution (1 mg/mL,  

pH 7.4) at 37°C for 20 minutes. Then, the cells were filtered 

through a 40 µm cell strainer and washed with DMEM 

with 10% FBS. The cells were then cultured at 37°C for 10 

hours. After washing with PBS three times, the cells were 

trypsinized, and the CSCs proportion of the cells, as reflected 

by the tumorsphere formation ability and the proportion of 

CD133+ cells, was evaluated as described in the section “The 

effect of nanoparticles on the proportion of CSCs within the 

Saos-2 cell population.” Furthermore, tumors were measured 

with a caliper once every 5 days, and the tumor volume was 

calculated by the formula:

	 (width2 × length)/2� (4)

The body weight of the mice was monitored every 

5 days.

Statistical analysis
Data were analyzed by the statistic package SPSS 13.0 

(SPSS Inc., Chicago, IL, USA). For values that were nor-

mally distributed, a direct comparison between two groups 

was conducted by Student’s nonpaired t-test, and one-way 

ANOVA with the Dunnett’s or Newman–Keuls posttest was 

used to compare the means of three or more groups. P-value 

of 0.05 was considered statistically significant and P0.05 

was considered not significant.
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Results
CD133 expression in osteosarcoma cells
The CD133 expression of the three osteosarcoma cell lines 

was examined by flow cytometry. The proportion of CD133+ 

cells in the osteosarcoma cell lines was 4%–7%. After 

CD133 magnetic-activated cell sorting, the proportion of 

CD133+ cells in sorted CD133+ cells was 90%, whereas 

the proportion of CD133+ cells in sorted Saos-2 CD133– 

cells was 2%.

Saos-2 CD133+ cells have the 
characteristics of osteosarcoma CSCs
The RT-PCR assay examined the mRNA levels of CSCs-

related genes such as BMI-1 and c-myc in both CD133+ 

and Saos-2 CD133- cells (Figure S1; Table S1). The results 

showed that the mRNA levels of CD133, oct4, SMO, NG2, 

and BMI-1 were significantly increased in Saos-2 CD133+ 

cells compared with Saos-2 CD133- cells, suggesting that 

Saos-2 CD133+ cells possess the property of osteosarcoma 

CSCs. Furthermore, Saos-2 CD133+ cells induced tumors 

with a 100% incidence in mice, when the cell count was 

larger than or equal to 1×104 (Table S2). In contrast, Saos-2 

CD133- cells induced tumors with a 37.5% (3/8) incidence, 

even when the cell number was 5×105, suggesting that Saos-2 

CD133+ cells possessed much more enhanced tumorigenic 

potential than Saos-2 CD133- cells. In conclusion, Saos-2 

CD133+ cells possess the characteristics of osteosarcoma 

CSCs. Similar results were obtained in the other two osteo-

sarcoma cell lines (U-2 OS and MG-63).

Characterization of nanoparticles
The preparation procedure of the nanoparticles is shown in 

Figure 1. Briefly, SAL-NP was prepared with an emulsion/sol-

vent evaporation method, and Ap-SAL-NP was prepared by 

conjugation of CD133 aptamers to SAL-NP via an EDC/NHS 

technique. The characteristics of the nanoparticles, includ-

ing size, zeta potential, and EE, are summarized in Table 1. 

SAL-NP had a size of 133.4 nm, whereas Ap-SAL-NP had a  

slightly larger size of 159.8 nm, suggesting that the modi-

fication of aptamers increases the size of SAL-NP. The 

polydispersity index of the nanoparticles are smaller than 0.2, 

suggesting that the size distribution of these nanoparticles is 

narrow. All of the nanoparticles showed negative zeta poten-

tial, and the EE of the nanoparticles was ~50%. The surface 

morphology of SAL-NP and Ap-SAL-NP was examined by 

TEM. As shown in Figure 2A, both nanoparticles were in 

moderate uniformity and showed smooth surface.

The in vitro release of salinomycin from SAL-NP and 

Ap-SAL-NP was investigated in pH 7.4 PBS and human 

plasma at 37°C (Figure 2B). Both nanoparticles exhibited 

Figure 1 The preparation procedure of SAL-NP or Ap-SAL-NP.
Notes: Briefly, salinomycin was loaded on the PLGA-PEG-COOH nanoparticles with an emulsion/solvent evaporation method to develop SAL-NP; Ap-SAL-NP was 
developed by conjugating CD133 aptamers to SAL-NP by an EDC/NHS technique.
Abbreviations: Ap-SAL-NP, salinomycin-loaded PLGA nanoparticles conjugated with CD133 aptamers; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS, 
N-hydroxysuccinimide; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); SAL-NP, salinomycin-loaded PLGA nanoparticles; SAL, salinomycin; COOH, carboxyl group.
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Figure 2 The morphology observed by TEM and drug release of the nanoparticles.
Notes: (A) TEM; Bar represents 200 nm; (B) In vitro release profile of salinomycin from SAL-NP and Ap-SAL-NP in pH 7.4 PBS and plasma, respectively; Data are expressed 
as mean ± SD (n=3).
Abbreviations: Ap-SAL-NP, salinomycin-loaded PLGA nanoparticles conjugated with CD133 aptamers; PBS, phosphate-buffered saline; PLGA, poly(lactic-co-glycolic acid); 
SAL-NP, salinomycin-loaded PLGA nanoparticles; SD, standard deviation; TEM, transmission electron microscopy.

Table 1 Characterization of nanoparticlesa

Nanoparticles Size (nm) Zeta potential (mv) PDI Drug loading (%) EE (%)

SAL-NP 133.4±12.7 -23.6±3.5 0.13±0.04 7.2±0.3 55.9±6.3
Ap-SAL-NP 159.8±17.4 -30.1±5.4 0.15±0.06 6.8±0.5 53.1±4.0

Note: aData are expressed as mean ± SD (n=3).
Abbreviations: Ap-SAL-NP, salinomycin-loaded PLGA nanoparticles conjugated with CD133 aptamers; EE, encapsulation efficacy; PDI, polydispersity; PLGA, poly(lactic-co-
glycolic acid); SAL-NP, salinomycin-loaded PLGA nanoparticles; SD, standard deviation.

similar release patterns in both release media. In the initial  

24 hours, a fast release of salinomycin from both nanoparticles 

was observed (~50%). In the following 48 hours, the cumula-

tive release reached ~65% for both nanoparticles. After that, 

both nanoparticles exhibited sustained release, with the total 

release in 12 days reaching ~85% for both nanoparticles.

In vitro cellular uptake evaluated by 
confocal studies and flow cytometry
In vitro cellular uptake of the nanoparticles was evaluated by 

confocal studies and flow cytometry. As shown in Figure 3,  

Saos-2 CD133+ cells treated with C6-NP conjugated 

with CD133 aptamers (Ap-C6-NP) showed significant 
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Figure 3 In vitro cellular uptake of nanoparticles evaluated by confocal studies in Saos-2 CD133+ cells.
Notes: The cells were treated with free coumarin 6 or coumarin 6-loaded nanoparticles (Ap-C6-NP and C6-NP) for 2 hours at 37°C, which had an equivalent concentration 
of coumarin 6 (15 ng/mL); The immunofluorescence was visualized with a confocal microscope.
Abbreviations: Ap-C6-NP, coumarin 6-loaded PLGA nanoparticles conjugated with CD133 aptamers; C6-NP, coumarin 6-loaded nanoparticles; DAPI, 4′,6-diamidino- 
2-phenylindole dihydrochloride; PLGA, poly(lactic-co-glycolic acid). 

internalization of nanoparticles (using coumarin 6 as a green 

trace marker). In contrast, Saos-2 CD133+ cells treated with 

the nontargeted C6-NP showed no significant internaliza-

tion, as shown by the faint green fluorescence. When the 

nanoparticles were incubated with Saos-2 CD133- cells, 

intracellular fluorescence was rarely observed, suggesting 

lack of cellular uptake of the nanoparticles (Figure S2).  

Similar results were obtained in the flow cytometry (Figure 4).  

The mean fluorescence intensity in the Ap-C6-NP-treated 

group was significantly higher than that of the C6-NP-

treated group (P0.05) and coumarin-6-treated group 

(P0.01) in Saos-2 CD133+ cells. In Saos-2 CD133- cells, 

no significant difference in mean fluorescence between 

Ap-C6-NP-, C6-NP-, and coumarin-6-treated groups was 

observed (P0.05), and both groups exhibited a rather low 

mean fluorescence intensity. Taken together, these results 

confirmed that Ap-C6-NP specifically bind to CD133 

antigen and is internalized into Saos-2 CD133+ cells via 

receptor mediated endocytosis.

The cell proliferation assay of 
nanoparticles toward osteosarcoma cells
The cell proliferation assay of the nanoparticles was examined 

in both CD133+ and CD133- osteosarcoma cells. Blank PLGA 

nanoparticles conjugated with CD133 aptamers (Ap-NP) 

did not show significant cytotoxicity toward the cells at  

48 hours and 72 hours, indicating that the blank nanoparticles 

are nontoxic to the osteosarcoma cells (Figures 5 and S3). In 

contrast, salinomycin, SAL-NP, and Ap-SAL-NP showed a 

dose-dependent cytotoxicity toward Saos-2 cells. To evalu-

ate the in vitro cytotoxicity quantitatively, we calculated the 

drug concentration needed to kill 50% of the incubated cells 

(IC
50

) at 48 hours (Table 2) and 72 hours (Table 3). As shown 

in Table 2, the IC
50

 value of Ap-SAL-NP (15.17 µg/mL) was 
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Figure 4 In vitro cellular uptake of nanoparticles evaluated by flow cytometry in 
both CD133+ and CD133- Saos-2 cells.
Notes: The cells were treated with free coumarin 6 or coumarin 6-loaded 
nanoparticles for 2 hours at 37°C, which had an equivalent concentration of coumarin 6  
(15 ng/mL); The fluorescence intensity was analyzed by flow cytometry; The 
Ap-C6-NP-treated group are compared with other groups by one-way ANOVA with 
the Dunnett’s posttest; Data are expressed as mean ± SD (n=3); *P0.05; **P0.01.
Abbreviations: Ap-C6-NP, coumarin 6-loaded PLGA nanoparticles conjugated 
with CD133 aptamers; AU, arbitrary units; C6-NP, coumarin 6-loaded nanoparticles; 
PLGA, poly(lactic-co-glycolic acid); SD, standard deviation.

not significantly different from that of SAL-NP (17.54 µg/mL)  

in Saos-2 CD133- cells (P0.05). However, in Saos-2 

CD133+ cells, the IC
50

 value of Ap-SAL-NP (2.18 µg/mL) 

was significantly lower than that of SAL-NP (10.72 µg/

mL) (P0.01) and salinomycin (5.07 µg/mL) (P0.05). In 

other words, Ap-SAL-NP could be 4.92 or 2.33 fold more 

effective than SAL-NP or salinomycin in Saos-2 CD133+ 

cells, respectively. At 72 hours, Ap-SAL-NP could be 5.33 

or 2.57 fold more effective than SAL-NP or salinomycin in 

Saos-2 CD133+ cells. Similar results were obtained in the 

other two osteosarcoma cell lines (U-2 OS and MG-63). 

At 48 hours, Ap-SAL-NP could be 4.91 or 2.51 fold more 

effective than SAL-NP or salinomycin in U-2 OS CD133+ 

cells, and 2.19 or 1.64 fold more effective than SAL-NP 

or salinomycin in MG-63 CD133+ cells. At 72 hours, Ap-

SAL-NP could be 4.85 or 3.19 fold more effective than 

SAL-NP or salinomycin in U-2 OS CD133+ cells, and 2.22 

or 1.71 fold more effective than SAL-NP or salinomycin 

in MG-63 CD133+ cells. These results suggested that the 

enhanced cytotoxic effect of Ap-SAL-NP toward CD133+ 

osteosarcoma cells is attributed to the high CD133 expres-

sion of CD133+ osteosarcoma cells.

The effect of nanoparticles on the 
proportion of CSCs with the Saos-2 cell 
population
The effect of nanoparticles on the proportion of CSCs in 

Saos-2 cells was examined by the ability of tumorsphere 

formation and the proportion of CD133+ cells in Saos-2 

cells after treatment (Figure 6). The ability of tumorsphere 

formation in suspension cultures is reported to be correlated 

with the proportion of CSCs.35 As shown in Figure 6A and C, 

Ap-SAL-NP treatment resulted in a fivefold decrease in the 

number of Saos-2 mammospheres relative to the untreated 

control. Moreover, Ap-SAL-NP treatment resulted in much 

fewer mammospheres compared with salinomycin (P0.01) 

and SAL-NP (P0.001). Similar results were obtained in 

the proportion of CD133+ cells in Saos-2 cells. Ap-SAL-NP 

treatment significantly decreased the proportion of CD133+ 

cells in Saos-2 cells compared with salinomycin (P0.001) 

and SAL-NP (P0.001) (Figure 6B). Representative images 

of the tumorsphere formation experiments at the end point are 

shown in Figure 6C. Taken together, Ap-SAL-NP showed 

enhanced therapeutic efficacy toward CD133+ osteosarcoma 

CSCs within the Saos-2 cell population compared with 

SAL-NP and salinomycin.

The in vivo antitumor activity of 
nanoparticles
The therapeutic effect of the nanoparticles was evaluated 

in mice bearing subcutaneous Saos-2 tumors. As shown in 

Figure 7A, saline and Ap-NP did not show any antitumor 

effect, and the tumors of both groups progressed rapidly. 

Ap-SAL-NP, SAL-NP, and salinomycin exhibited significant 

antitumor activity. At the end point (day 60), compared with 

the initial tumor volume (~50 mm3), SAL-NP resulted in 14.2 

fold increase in tumor volume, whereas salinomycin resulted 

in 17.4 fold increase. It is noteworthy that Ap-SAL-NP 

achieved only a 7.1 fold increase in the tumor volume. The 

mean tumor volume of the Ap-SAL-NP-treated group was 

statistically significantly smaller than that of other groups 

(Ap-SAL-NP =355.2 mm3, SAL-NP =710.4 mm3, salinomy-

cin =872 mm3, Ap-NP =1,244.8 mm3, saline =1,341.6 mm3;  

Ap-SAL-NP versus SAL-NP: P0.01, Ap-SAL-NP versus 

salinomycin: P0.001, Ap-SAL-NP versus Ap-NP: P0.001, 

Ap-SAL-NP versus saline: P0.001) (Figure 7A).

The weight of the tumors excised at the endpoint was 

examined (Figure 7B and C). The mean tumor weight of 

the Ap-SAL-NP-treated group was statistically significantly 

lower than that of other groups (Ap-SAL-NP =0.08 g,  

SAL-NP =0.31 g, salinomycin =0.45 g, Ap-NP =0.71 g, 

saline =0.72 g; Ap-SAL-NP versus SAL-NP: P0.05, Ap-

SAL-NP versus salinomycin: P0.001, Ap-SAL-NP versus 

Ap-NP: P0.001, Ap-SAL-NP versus saline: P0.001) 

(Figure 7C). The mean tumor weight of the SAL-NP-treated 

group was significantly lower than that of the Ap-NP-treated 
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Table 2 The cell proliferation assay of nanoparticles at 48 hoursa

IC50 (µg/mL) Saos-2 U-2 OS MG-63

CD133+ CD133- CD133+ CD133- CD133+ CD133-

SAL 5.07±1.24 10.22±3.44 7.72±1.86 13.67±4.42 11.92±6.85 16.36±6.97
SAL-NP
Ap-SAL-NP

10.72±2.39
2.18±0.75

17.54±4.85
15.17±3.55

15.08±3.88
3.07±1.34

20.60±4.53
19.01±2.98

15.96±6.05
7.29±5.37

24.08±6.51
22.13±4.29

Ap-NP 250.0 250.0 250.0 250.0 250.0 250.0

Note: aData are expressed as mean ± SD (n=3).
Abbreviations: Ap-NP, PLGA nanoparticles conjugated with CD133 aptamers; Ap-SAL-NP, salinomycin-loaded PLGA nanoparticles conjugated with CD133 aptamers; 
IC50, the concentration needed to kill 50% of the incubated cells; PLGA, poly(lactic-co-glycolic acid); SAL, salinomycin; SAL-NP, salinomycin-loaded PLGA nanoparticles;  
SD, standard deviation.

Table 3 The cell proliferation assay of nanoparticles at 72 hoursa

IC50 (µg/mL) Saos-2 U-2 OS MG-63

CD133+ CD133- CD133+ CD133- CD133+ CD133-

SAL 3.98±1.40 6.58±1.77 6.47±1.20 11.95±4.82 10.43±5.15 14.04±5.40
SAL-NP
Ap-SAL-NP

8.26±2.15
1.55±0.57

13.40±4.34
11.83±3.71

9.84±3.19
2.03±0.83

17.12±4.08
16.93±5.91

13.53±5.82
6.09±4.67

19.90±8.57
18.04±6.21

Ap-NP 250.0 250.0 250.0 250.0 250.0 250.0

Note: aData are expressed as mean ± SD (n=3).
Abbreviations: Ap-NP, PLGA nanoparticles conjugated with CD133 aptamers; Ap-SAL-NP, salinomycin-loaded PLGA nanoparticles conjugated with CD133 aptamers; 
IC50, the concentration needed to kill 50% of the incubated cells; PLGA, poly(lactic-co-glycolic acid); SAL, salinomycin; SAL-NP, salinomycin-loaded PLGA nanoparticles;  
SD, standard deviation.

Figure 6 The effect of the nanoparticles on the proportion of CSCs within the Saos-2 cell population, as reflected by the tumorsphere formation ability (A and C) and the 
proportion of CD133+ cells (B).
Notes: The two groups among the five groups are compared by one-way ANOVA with the Newman–Keuls posttest; Data are expressed as mean ± SD (n=3); **P0.01; 
***P0.001. 
Abbreviations: Ap-NP, PLGA nanoparticles conjugated with CD133 aptamers; Ap-SAL-NP, salinomycin-loaded PLGA nanoparticles conjugated with CD133 aptamers; 
CSCs, cancer stem cells; PLGA, poly(lactic-co-glycolic acid); SAL, salinomycin; SAL-NP, salinomycin-loaded PLGA nanoparticles; SD, standard deviation.
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Figure 7 The therapeutic effect of the nanoparticles in mice bearing subcutaneous Saos-2 tumors.
Notes: On day 0, Saos-2 cells were injected subcutaneously into BALB/c mice; Tumors reached about ~50 mm3 in size by day 15; Starting on day 15, mice were treated 
with intravenous injections (i.v.) via tail vein of the nanoparticles or free salinomycin (5 mg/kg) (free salinomycin was given by intraperitoneal injection); Each group consisted 
of eight mice; Therapy was given nine times, on days 15, 17, 19, 21, 23, 25, 27, 29, and 31 (indicated by arrows); Tumors were measured with a caliper once every 5 days, 
and the tumor volume was calculated by the formula (width2 × length)/2; (A) The tumor growth curve; (B) Images of excised tumors of each group at the end point;  
(C) The excised tumors were weighed at the end point; The tumor weight of the Ap-SAL-NP-treated group was compared with that of other groups by the one-way ANOVA 
with the Dunnett’s posttest; Data are expressed as mean ± SD (n=8); On day 34, three mice were euthanized, and the tumors were excised; The effect of the drugs on the 
CSCs proportion of Saos-2 tumors in vivo was evaluated by the tumorsphere formation (D and F; the representative images of the mammospheres are shown in F) and the 
proportion of CD133+ cells (E) of the cells from the excised tumors; The two groups among the five groups are compared by one-way ANOVA with the Newman–Keuls 
posttest; Data are expressed as mean ± SD (n=3); *P0.05; **P0.01; ***P0.001.
Abbreviations: Ap-NP, PLGA nanoparticles conjugated with CD133 aptamers; Ap-SAL-NP, salinomycin-loaded PLGA nanoparticles conjugated with CD133 aptamers; 
CSCs, cancer stem cells; PLGA, poly(lactic-co-glycolic acid); SAL, salinomycin; SAL-NP, salinomycin-loaded PLGA nanoparticles; SD, standard deviation.

group (P0.001) and saline-treated group (P0.001). Sal-

inomycin also showed significantly enhanced efficacy in 

inhibiting tumor growth compared to saline (P0.01).

The effect of the nanoparticles on the proportion of osteo-

sarcoma CSCs was analyzed as described below. Briefly, the 

tumorsphere formation ability and the proportion of CD133+ 

cells of the cells recovered from the excised tumors after nine 

treatments were analyzed (Figure 7D–F). As expected, Ap-NP 

had no effect on the tumorsphere formation of Saos-2 cells. 

Consistent with the results obtained in vitro, Ap-SAL-NP 

exhibited the best therapeutic efficacy against osteosarcoma 

CSCs. Compared with the saline treatment, Ap-SAL-NP 
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treatment resulted in 2.6 fold decrease in the number of 

Saos-2 tumorspheres (Figure 7D). Also, Ap-SAL-NP resulted 

in much fewer mammospheres compared with SAL-NP 

(P0.05) and salinomycin (P0.05). Furthermore, the pro-

portion of CD133+ osteosarcoma cells in the excised tumors 

was significantly decreased by Ap-SAL-NP treatment com-

pared with salinomycin (P0.01) and SAL-NP (P0.01)  

(Figure 7E). The relative proportion of the CD133+ osteosar-

coma cells within the excised tumors was threefold lower after 

treatment with Ap-SAL-NP than with saline. Ap-NP did not 

affect the proportion of CD133+ osteosarcoma cells.

The toxicity of treatments was evaluated by observing any 

behavioral changes posttreatment and monitoring the weight 

of mice. None of the mice showed any noticeable behavioral 

change and no significant change in weight compared to the 

saline (Figure S4). The results showed that mice tolerated 

all the treatments extremely well.

Discussion
CSCs are original cancer cells that are of characteristics 

associated with normal stem cells. CSCs are toughest against 

various treatments and thus responsible for cancer metastasis 

and recurrence after medical therapies. Due to these distinct 

properties of CSCs, surviving CSCs give rise to cancer 

relapse and metastasis after conventional therapies such as 

radiotherapy and chemotherapy. Thus, developing therapeutic 

strategies against CSCs is crucial to increase the efficacy of 

cancer therapy. Previous studies suggested that CD133+ osteo-

sarcoma cells exhibit the characteristics of stem cells, including 

low abundance, quiescence, and a high potential to undergo 

differentiation as well as expression of stem cell regulatory 

and drug resistance genes.13 Thus, it is critical to target CD133+ 

osteosarcoma cells to completely eradicate osteosarcoma. The 

nanoparticle-based approaches to eliminate CSCs represent a 

potential approach to eliminate CSCs without harming normal 

healthy stem cells. CSCs-associated phenotypes could be uti-

lized for further targeting CSCs. Our study demonstrated that 

Ap-SAL-NP have the potential to effectively target and kill 

CD133+ osteosarcoma CSCs both in vitro and in vivo.

The safety of nanomedicines is considered to be an 

important issue in their application in clinical use.28 The 

selection of polymer, aptamers, and drugs is critically 

important for the safety of our prepared Ap-SAL-NP. 

Firstly, as for safety, 90% of the nanoparticles of common 

interest in biomedical applications are nondegradable, such 

as inorganic and metal nanoparticles. Thus, development of 

biodegradable polymers for the application of nanomedicines 

is critical to address the safety problem. Various US Food 

and Drug Administration-approved biodegradable polymers 

are commercially available, of which the most commonly 

used materials are poly(lactic acid), PLGA, and poly(ε-

caprolactone).29 To reduce the mechanical strength and 

increase the degradation of these materials, PEG has been 

commonly used as a component polymer in copolymer syn-

thesis to improve the property of poly(lactic acid), PLGA, 

and poly(ε-caprolactone). Secondly, aptamers offer several 

advantages compared with antibodies in therapeutic and 

diagnostic agents, such as small molecular weight, less immu-

nogenicity, high productivity, and stability.30 Aptamers were 

reported to be well tolerated in rhesus monkeys and patients 

with diabetic macular edema.31,32 Thirdly, salinomycin is a 

polyether ionophore antibiotic and has been shown to kill 

various CSCs, including breast CSCs and leukemia CSCs.14–16 

Promising results from preclinical trials in human xenograft 

mice and a few clinical pilot studies reveal that salinomycin 

is able to effectively eliminate CSCs and to induce partial 

clinical regression of heavily pretreated and therapy-resistant 

cancers.14 Salinomycin is reported to be well tolerated in can-

cer patients in a small pilot clinical study, and did not cause 

severe side effect to these patients.14 A Phase I/II clinical 

trial with VS-507, a proprietary formulation of salinomy-

cin produced by Verastem Inc., (Needham, MA, USA) in 

patients with triple negative breast cancer is envisioned to 

start in 2013.14 In our studies, Ap-SAL-NP did not show any 

major systemic toxicity. Collectively, Ap-SAL-NP would be 

expected to have good safety in clinical use, though further 

safety studies may need to be performed.

It is generally accepted that CSCs contain distinct phe-

notypes that distinguish them from non-CSC populations.10 

CSCs phenotypes can also be utilized to fulfill the aim of 

specifically targeting CSCs, similar to the tumor associated 

antigen such as epidermal growth factor receptor or HER2.33–35 

CD133 is also one of the best documented CSCs markers. 

Recently, Bourseau-Guilmain et al developed lipid nanocap-

sules (LNCs) conjugated with CD133 monoclonal antibody 

(immune-LNCs).36 The resultant immune-LNCs showed 

CD133-specific cellular binding in CD133-overexpressing 

Caco-2 cells. Recently, Wang et al further developed single-

walled carbon nanotubes (SWNTs) conjugated with CD133 

monoclonal antibody (anti-CD133-SWNTs).37 The results 

showed that under irradiation with near-infrared laser light, the 

in vitro tumorigenic and self-renewal capability of glioblas-

toma-CD133+ cells were selectively blocked after treatment 

with anti-CD133-SWNTs, but the glioblastoma-CD133- cells 

were barely affected. Significantly, glioblastoma-CD133+ 

cells pretreated with anti-CD133-SWNTs and irradiated 
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by near-infrared laser light 48 hours after xenotransplanta-

tion in nude mice did not exhibit sustainability of CSCs 

features for tumor growth, suggesting that anti-CD133-

SWNTs have the potential to be an alternative to effectively 

target and destroy glioblastoma CSCs. Although targeting 

glioblastoma-CD133+ CSCs was well demonstrated by this 

study, it should be pointed out that SWNTs many pose risks 

to human health, such as pulmonary toxicity and direct 

cytotoxic effects, upon pharyngeal aspiration or inhalation.38 

More significantly, the therapeutic effect of systemic admin-

istration of anti-CD133-SWNTs should be elucidated, as the 

inoculation of glioblastoma-CD133+ cells pretreated with 

anti-CD133-SWNTs in mice would certainly guarantee 

enough anti-CD133-SWNTs uptake in glioblastoma-CD133+ 

cells, whereas the accumulation of anti-CD133-SWNTs in 

glioblastoma-CD133+ cells after systemic administration may 

not be enough. In an in vivo setting, CSCs represent only a 

very small proportion in the bulky cancer cells. Thus, it is 

crucial to know whether the targeting nanoparticles could 

still possess the ability to specifically target CD133+ cells in 

vivo. In our study, Ap-SAL-NP could significantly improve 

the therapeutic efficacy of salinomycin in Saos-2 CD133+ cells 

in vitro. More importantly, in mice bearing Saos-2 osteosar-

coma xenograft, the systemic administration of Ap-SAL-NP 

could selectively kill Saos-2 CD133+ cells in vivo, as reflected 

by reduced proportion of Saos-2 CD133+ cells and reduced 

tumorsphere formation capability of Saos-2 cells.

In this study, the presence of CD133 aptamers was critical 

to maintaining the special targeting activity of Ap-SAL-NP 

to Saos-2 CD133+ cells. Confocal studies demonstrated that 

Ap-C6-NP was efficiently bound and delivered to Saos-2 

CD133+ cells but not to Saos-2 CD133- cells. Upon cell 

binding, Ap-SAL-NP was readily internalized and released 

salinomycin to the cytoplasm, resulting in enhanced cytotoxic 

effect compared to nontargeted SAL-NP and salinomycin in 

Saos-2 CD133+ cells but not in Saos-2 CD133- cells. Further-

more, Ap-SAL-NP could reduce the tumorsphere formation 

and the proportion of CD133+ osteosarcoma CSCs in Saos-2 

cells more effectively than SAL-NP and salinomycin, suggest-

ing that Ap-SAL-NP has selective toxicity against CD133+ 

osteosarcoma CSCs in bulky osteosarcoma cells. These data 

suggested that Ap-SAL-NP can significantly improve the 

therapeutic efficacy of salinomycin in Saos-2 CD133+ cells.

The in vivo antitumor assay suggested that Ap-SAL-NP 

showed superior antitumor activity over other controls. It is 

noteworthy that Ap-SAL-NP could not completely eliminate 

osteosarcoma, although it achieved significant antitumor 

activity toward osteosarcoma. The reason may be explained 

as follows: first, using one specific CSCs phenotype to target 

anticancer drugs to CSCs has several pitfalls, which may 

hamper the therapeutic effect of Ap-SAL-NP. Tumors may 

harbor multiple phenotypically distinct CSCs, and eliminat-

ing only a subpopulation of CSCs does not always lead to 

successful elimination of cancer.39 For osteosarcoma, CD117 

and Stro-1 are also considered to be osteosarcoma CSCs 

markers.40 Thus, nanoparticles targeting CD133, CD117, 

and Stro-1 may achieve enhanced therapeutic efficacy over 

targeting only CD133. Second, it is commonly known 

that CSCs phenotype is not a stable trait, and CSCs can be 

converted from non-CSCs.41 Thus, killing only CSCs may 

not be sufficient for eliminating tumors. In our studies, Ap-

SAL-NP could not only kill CSCs but non-CSCs, since the 

controlled released salinomycin from Ap-SAL-NP could also 

effectively kill non-CSCs. 

Taken together, our data help to elucidate the antitumor 

mechanism of Ap-SAL-NP. First, Ap-SAL-NP accumulated 

in tumors due to the long circulating time of PEGylated nano-

particles and the enhanced permeability and retention effect. 

Then, Ap-SAL-NP is specifically bound to and internalized 

in CD133+ osteosarcoma CSCs. After internalization, Ap-

SAL-NP readily releases salinomycin to the cytoplasm and 

kills the CD133+ osteosarcoma CSCs. Meanwhile, gradually 

released salinomycin from Ap-SAL-NP could effectively 

kill non-CSCs. The mechanism of cell death induced by 

salinomycin was associated with nonapoptotic cell death 

or apoptotic cells death.14 In contrast, nontargeted SAL-NP 

remained in the extracellular space and underwent nonspe-

cific endocytosis and rupture.

Conclusion
Our data suggest that Ap-SAL-NP could deliver salinomycin 

specifically and efficiently to CD133+ osteosarcoma CSCs, 

resulting in selective toxicity against CD133+ osteosarcoma 

CSCs. Our results thus suggest that CD133 is a potential target 

for drug delivery to osteosarcoma CSCs and that it is possible 

to significantly inhibit the osteosarcoma growth by killing 

CD133+ osteosarcoma CSCs. We predict that Ap-SAL-NP 

might achieve favorable efficacy in osteosarcoma as it could 

effectively target and kill CD133+ osteosarcoma CSCs.  

We believe that this Ap-SAL-NP would shed new light 

on osteosarcoma in the near future and patients with 

osteosarcoma might benefit from this treatment.
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β

Figure S1 The RT-PCR analysis of mRNA level normalized to β-actin.
Notes: The genes of the CD133+ or CD133- Saos-2 cells were analyzed; Data are expressed as mean ± SD (n=3).
Abbreviations: mRNA, messenger RNA; RT-PCR, real-time polymerase chain reaction; SD, standard deviation.

Phase-contrast

Untreated

Ap-C6-NP

C6-NP

Coumarin 6

Coumarin 6

DAPI Merge

10 µm 10 µm 10 µm 10 µm

10 µm 10 µm 10 µm 10 µm

10 µm 10 µm 10 µm 10 µm
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Figure S2 In vitro cellular uptake of nanoparticles evaluated by confocal studies in Saos-2 CD133- cells.
Abbreviations: Ap-C6-NP, coumarin 6-loaded PLGA nanoparticles conjugated with CD133 aptamers; C6-NP, coumarin 6-loaded nanoparticles; DAPI, 4′,6-diamidino-2-
phenylindole dihydrochloride; PLGA, poly(lactic-co-glycolic acid).
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Table S1 The sequence of the primers used in the RT-PCR

Primers Forward primer (5′-3′) Reverse primer (5′-3′)

β-actin CGTGGACATCCGTAAAGACC ACATCTGCTGGAAGGTGGAC
CD133 AGTCGGAAACTGGCAGATAGC GGTAGTGTTGTACTGGGCCAAT
oct4 GCGAACCATCTCTGTGGTCT CCCCCTGTCCCCCATTCCTA
SMO GGCATGTATACGGCACACAG CACCTCCACACTGCTGGC
NG2 TTGGCTTTGACCCTGACTATG CTGCAGGTCTATGTCGGTCA
BMI-1 TCCACAAAGCACACACATCA CTTTCATTGTCTTTTCCGCC
nanog GATTTGTGGGCCTGAAGAAA CAGGGCTGTCCTGAATAAGC
c-myc GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT

Abbreviation: RT-PCR, real-time polymerase chain reaction.

Table S2 The in vivo tumorigenic potential of CD133+ and CD133- Saos-2 cellsa

Types 5×105 1×105 5×104 1×104 5×103 2×103

Saos-2 CD133- cells 3/8 2/8 1/8 0/8 0/8 0/8

Saos-2 CD133+ cells 8/8 8/8 8/8 8/8 6/8 5/8

Notes: aCD133+ and CD133- Saos-2 cells were collected and implanted subcutaneously into BALB/c nude mice; The tumor formation potential of the cells was examined 
over a period of 12 weeks.
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Figure S4 The weight change of the mice during the treatment.
Notes: The body weight of the mice was monitored once every 5 days; Data are expressed as mean ± SD (n=8).
Abbreviations: Ap-NP, PLGA nanoparticles conjugated with CD133 aptamers; Ap-SAL-NP, salinomycin-loaded PLGA nanoparticles conjugated with CD133 aptamers; 
PLGA, poly(lactic-co-glycolic acid); SAL, salinomycin; SAL-NP, salinomycin-loaded PLGA nanoparticles; SD, standard deviation.
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