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A B S T R A C T   

Osteosarcoma (OS) is a rare but frequently lethal bone malignancy in children and adolescents. The adjuvant 
chemotherapy with doxorubicin (Dox) and cisplatin remains a mainstream clinical practice though it affords only 
limited clinical benefits due to low tumor deposition, dose-limiting toxicity and high rate of relapse/metastasis. 
Here, taking advantage of high IL-11Rα expression in the OS patients, we installed IL-11Rα specific peptide 
(sequence: cyclic CGRRAGGSC) onto redox-responsive polymersomes encapsulating Dox (IL11-PDox) to boost 
the specificity and anti-OS efficacy of chemotherapy. Of note, IL-11Rα peptide at a density of 20% greatly 
augmented the internalization, apoptotic activity, and migration inhibition of Dox in IL-11Rα-overexpressing 
143B OS cells. The active targeting effect of IL11-PDox was supported in orthotopic and relapsed 143B OS 
models, as shown by striking repression of tumor growth and lung metastasis, and substantial survival benefits 
over free Dox control. We further verified that IL11-PDox could effectively inhibit patient-derived OS xenografts. 
IL-11Rα-targeted nanodelivery of chemotherapeutics provides a potential therapeutic strategy for advanced 
osteosarcoma.   

1. Introduction 

Osteosarcoma (OS) is a most common bone malignancy at the distal 
femur and proximal tibia in children and adolescents [1]. The surgery 
combined with adjuvant chemotherapy remains a mainstream clinical 
practice [2]. Unfortunately, ca. 40–50% patients would encounter 
tumor relapse and metastasis [3], yielding poor prognosis and a gloomy 
5-year survival rate of <30% [4]. The adjuvant chemotherapy mainly 
adopts doxorubicin (Dox), cisplatin or high-dose methotrexate, which 
affords only limited clinical benefits due to low tumor deposition and 
dose-limiting toxicity such as cardiotoxicity and myelosuppression. 

Targeted delivery of chemotherapeutics is considered as a promising 
means to improving chemotherapy of different cancers including OS 
[5,6]. In the past years, various targeting strategies employing 

bisphosphonate [7,8], hyaluronic acid [9,10], aptamer [11,12], peptide 
[13,14] and dual ligands [15,16] have been exploited for OS chemo-
therapy. The nanovehicles varied from liposomes, nanogels, micelles, to 
red blood cell membrane coated metal-organic framework [10,17–21]. 
It should be noted that in spite of considerable work on the development 
of OS-targeted nanomedicines, most ligands such as bone-affine 
bisphosphonate, hyaluronic acid, folic acid and cRGD peptide are in 
fact not specific to OS cells. The insufficient stability and inefficient 
intracellular drug release of nanomedicines are further problems per-
plexing their OS-targetability. 

IL-11Rα is an OS-associated antigen detected in a majority of 
advanced OS patients and an indicator for high-risk OS [22,23]. The 
high IL-11Rα expression is found to correlate with poor prognosis [24]. 
IL-11Rα-targeted peptidomimetic displayed evident anti-OS therapeutic 
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efficacy [14]. Interestingly, IL-11 mimic phage showed that short 
CGRRAGGSC peptide had a high specificity and affinity to IL-11Rα 
[23,25]. Here, we designed IL-11Rα specific peptide-installed redox- 
responsive polymersomes encapsulating Dox (IL11-PDox) to boost the 

specificity and anti-OS efficacy of chemotherapy (Scheme 1). We have 
previously established that redox-responsive polymersomes based on 
dithiolane-functionalized poly(trimethylene carbonate) were robust and 
mediated efficient release of various drugs including Dox, siRNA and 

Scheme 1. Illustration of fabricaiton of IL-11Rα-targeting polymersomal Dox (IL11-PDox) and strong inhibition of growth, recurrence and metastasis of malignant 
osteosarcoma. 

Fig. 1. Characterization of IL11-PDox. (A) Size dis-
tribution of IL11-PDox with IL11 peptide contents of 
0, 10%, 20% or 30% determined by DLS. (B) In vitro 
Dox release from IL11-PDox at 37 ◦C with or without 
10 mM GSH (polymersome conc.: 1 mg/mL, n = 3). 
(C) IL-11Rα expression in 143B, L929, MM1S, LP1 and 
H22 cells determined by western blot. Flow cyto-
metric analyses of 143B (D) or L929 (E) cells 
following 4 h incubation with free Dox, PDox and 
IL11-PDox with various contents of IL11 peptide. Free 
IL11 peptide pretreated 143B cells incubated with 
20% IL11-PDox were used as control. (F) Flow 
cytometry analysis of the endocytosis of Cy5-labeled 
IL11-P in 143B cells pretreated with free IL11 pep-
tide, Dyn, CPZ, Ami, or MβCD. ****p < 0.0001.   
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proteins in tumor cells [26–28]. Of note, IL-11 peptide at a density of 
20% greatly augmented the specificity and anti-OS efficacy of Dox in IL- 
11Rα-overexpressing 143B OS cells, orthotopic and relapsed 143B OS 
models as well as OS patient-derived xenografts (PDX). IL-11Rα-targeted 
nanodelivery of chemotherapeutics provides a potential therapeutic 
strategy for advanced osteosarcoma. 

2. Experiment 

2.1. Preparation and characterization of IL11-PDox 

IL11 peptide-functionalized copolymer, IL11-PEG-P(TMC-DTC), was 
obtained by amidation reaction of IL11 peptide (disulfide cyclic 

CGRRAGGSC) with NHS-PEG-P(TMC-DTC). 
IL11-PEG-P(TMC-DTC) and PEG-P(TMC-DTC)-PAsp both at 40 mg/ 

mL in DMF was mixed at mole ratio of 0/100, 10/90, 20/80, or 30/70. 
To prepare IL11-PDox, 0.1 mL mixed polymer solution was added to 0.9 
mL HEPES buffer (10 mM, pH 7.4) containing Dox⋅HCl (5 mg/mL, 200 
μg for a theoretical loading 4.7 wt%). After stirring at 37 ◦C for 5 min, 
IL11-PDox was then dialyzed (MWCO 7000) in HEPES for 8 h (medium 
changed every 2 h). The size and size distribution were measured by 
DLS. The Dox content was determined by UV–vis measurement at 480 
nm according to the Dox standard curve. To test the stability of IL11- 
PDox, size changes of polymersomes at 4 ◦C or 10% FBS were 
measured at 0, 4, 8 and 14 days or 0, 4, 12 and 24 h. 

2.2. Cellular uptake study using flow cytometry 

To study the cellular uptake and targetability of IL11-PDox, 143B 
cells seeded in 6-well plate (1 × 105 /well) were cultured at 37 ◦C for 24 
h, and then 200 μL free Dox, PDox, 10% IL11-PDox, 20% IL11-PDox, 
30% IL11-PDox (Dox: 10 μg/mL) and PBS were added. After 4 h, the 
cells were digested with 500 μL trypsin and collected by centrifugation 
(1000 ×g, 3 min) and PBS washing (×2). Finally, the cells were resus-
pended in 500 μL PBS, and immediately measured using a BD FACS 
Calibur flow cytometer to acquire fluorescence histograms (1 × 104 

cells) and analyzed using FlowJo-10 software. To investigate whether 
IL11-PDox entered 143B cells via IL-11Rα, 143B cells were pre- 

Table 1 
Characteristics of PDox and IL11-PDox at Dox theoretical DLC of 4.7 wt%.  

Formulation Sizea (nm) PDIa DLCb (wt%) DLEb (%) Zetac (mV) 

PDox 25 0.11 4.1 88 − 12.7 
10%IL11-PDox 27 0.13 4.0 86 − 13.0 
20%IL11-PDox 29 0.15 4.1 88 − 11.4 
30%IL11-PDox 33 0.12 4.0 86 − 10.1  

a Determined by DLS. 
b Determined by UV− vis spectroscopy. 
c Determined using a Zetasizer Nano-ZS equipped with a capillary electro-

phoresis cell. 

Fig. 2. In vitro anti-tumor activity of IL11-PDox toward 143B cells. (A) MTT assays of 143B cells treated with free Dox and IL11-PDox with IL11 peptide contents of 
0, 10%, 20% or 30% (n = 6). (B) MTT assays of IL11 peptide-pretreated 143B cells at incubation with 20% IL11-PDox (n = 6). (C) MTT assays of L929 cells treated 
with free Dox, PDox or IL11-PDox (n = 6). (D) Apoptosis analysis of 143B cells treated with free Dox, PDox and IL11-PDox (n = 3). **p < 0.01 and ***p < 0.001. 
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incubated with a 20-fold excess of free IL-11 peptide for 2 h before 
adding IL11-PDox, and then treated the same way as above. In addition, 
the endocytosis of IL11-PDox by IL-11Rα low-expressing L929 cells was 
evaluated similarly. 

To study the endocytic pathway of the nanomedicine, Cy5-labeled 
empty polymersomes IL11-P was added to 143B cells pretreated with 
endocytic pathway inhibitors dynasore (Dyn, 80 μM), chlorpromazine 
(CPZ, 10 μg/mL), amiloride hydrochloride (Ami, 1 mg/mL), methyl - β 
-cyclodextrin (MβCD, 1 mg/mL), free IL11 peptide (4 mg/mL), or PBS at 
37 ◦C for 1 h. After 2 h incubation, the cells were treated similarly as 
above (n = 3). 

2.3. In vitro cytotoxicity of IL11-PDox 

The cytotoxicity of IL11-PDox was evaluated by MTT assays. 143B 
cells seeded in 96-well plates (2 × 103 /well) were cultured in 5% CO2 
incubator at 37 ◦C for 24 h, and 20 μL free Dox, PDox, 10% IL11-PDox, 
20% IL11-PDox, and 30% IL11-PDox (Dox: 0.001, 0.01, 0.1, 1 and 5 μg/ 
mL) were added. After 4 h, the medium was removed and the cells were 
incubated with fresh medium for 44 h. Then the cells were treated with 
10 μL MTT (5 mg/mL) for 4 h and 150 μL DMSO to dissolve purple 
formazan crystals. The UV absorbance of cells at 570 nm was measured 
by multifunctional microplate analyzer. The cell viability (%) was 
calculated as the percentage of the absorbance of samples of PBS group 

(n = 6). To perform the inhibition experiments, 143B cells were pre-
incubated with 20-fold excess of free IL11 peptide for 2 h before adding 
IL11-PDox, followed by the same procedure. In addition, to investigate 
the effect of IL11 peptide, the cytotoxicity of IL11-PDox to L929 cells 
was also evaluated similarly. 

To investigate the cytotoxicity of empty polymersomes IL11-P and P 
to 143B cells and L929 cells, and the cytotoxicity of free IL11 peptide to 
143B cells, 20 μL IL11-P and P (polymersome concentration: 0.2, 0.4, 0.8 
and 1 mg/mL), and free IL11 peptide (0.5, 1, 1.5, 2, 3 and 4 mg/mL) 
were incubated with cells at 37 ◦C for 4 h. The medium was removed and 
the cells were incubated with fresh medium for 44 h. Then MTT assays 
were performed similarly (n = 6). 

2.4. Evaluation of cell apoptosis, cloning formation, and migration of 
IL11-PDox 

143B cells seeded in 6-well plates (1.5 × 105/well) were incubated at 
37 ◦C for 24 h. 200 μL free Dox, PDox, IL11-PDox (Dox: 0.1 μg/mL) and 
PBS were added. After for 4 h, the cells were then incubated with fresh 
medium for 44 h. The cells were collected and washed (×2 PBS), and 
added with Annexin V-APC (5 μL) and 7-AAD (10 μL) to incubate for 5 
min at r.t. Apoptosis was measured within 1 h by flow cytometry (early 
phase channel: APC, late phase channel: 7-AAD) (n = 3). Two single 
staining samples of early or late apoptosis were prepared according to 

Fig. 3. Clone formation and migration of 143B cells treated with IL11-PDox, PDox or free Dox (n = 3). (A) Clone formation and (B) cell migration using scratch- 
healing assay. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 
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the manual. 
For clone formation assay, 143B cells seeded in 6-well plates (800 

/well) were cultured at 37 ◦C for 24 h, and added with free Dox, PDox or 
IL11-PDox (Dox: 0.1 μg/mL). After 4 h, the medium was replaced with 
drug-free medium for further culture (day 0). In the following 10 days, 
the medium was refreshed on day 2, 4, 6, and 8. On day 10, the cells 
were fixed with 4% paraformaldehyde for 20 min and stained with 1% 
crystal violet for 30 min. After washing, the cells were photographed 
and semi-quantitatively analyzed with Image J-10 software (n = 3). 

To study cell migration, 143B cells in 6-well plates (1.5 × 105 /well) 
were cultured at 37 ◦C for 24 h, and then incubated with free Dox, PDox 
and IL11-PDox (Dox: 0.08 μg/mL) for 4 h. Then the confluent cell 
monolayers were scratched with a 200-μL pipette tip to generate 
wounds, and fresh medium was added to incubate for 24 h. Images of the 
wounds at 0 and 24 h were taken using a microscope, and semi- 
quantitatively analyzed using Image J-10 software to compare the 
width of scratches to evaluate the cell migration (n = 3). 

2.5. Establishment of osteosarcoma (OS) tumor models 

All animal experiments were approved by the Animal Care and Use 
Committee of Soochow University and all protocols conformed to the 
Guide for the Care and Use of Laboratory Animals. 

To build orthotopic OS model, 75 μL 143B cells (1 × 106 cells/ 
mouse) containing 30 vol% Matrigel were directly injected into the left 
tibial membrane of nude mice using syringe (29 gauge). The tumor 

growth and the conditions of the mice were continuously monitored. 
To build recurrent/metastatic OS model, at the tumor volume of the 

above orthotopic OS of ca. 400 mm3, the tumor bulks above the muscle 
were surgically removed in a sterile environment, leaving the tumor at 
the periosteum to mimic the clinical operation. The wound was sutured 
and tumor would relapse and metastasize. 

To establish a OS patient-derived xenograft (PDX) model, tumor 
tissue from an OS patient was directly preserved with the patient’s 
informed consent, cut into small pieces (40 mm3) and directly trans-
planted subcutaneously into SCID Beige mouse. Tumor growth and the 
condition of the mice were monitored. 

2.6. In vivo antitumor efficacy of IL11-PDox in OS mouse models 

To treat orthotopic OS model, two days after inoculation tumor 
volume reached ca. 50 mm3, the mice were randomly divided into four 
groups (the day was designated as day 0). 200 μL PBS, free Dox, PDox or 
IL11-PDox (n = 5) was administrated on day 0, 3, 6, 12, 18, 24 via tail 
veins at Dox dose of 6 mg/kg (mpk). The tumor volume and body weight 
of the mice were measured every two days, and the survival rates of the 
mice were monitored. The mice were considered dead when the mice 
died or tumor volume exceeded 2000 mm3. Tumor volume (V) was 
calculated based on the formula: V = 0.5 × (ab2-cd2) (mm3), a and b 
represent the length and width of the leg at the tumor site (left hind), 
and c and d represent the length and width of the corresponding part of 
the right hind leg. 

Fig. 4. Therapeutic efficacy of IL11-PDox in 143B orthotopic OS model in nude mice (n = 5). (A) Work flow. The mice were treated with free Dox, PDox and IL11- 
PDox (6 mpk) on day 0, 3, 6, 12, 18 and 24. (B) Tumor growth curves and (C) pictures of mouse hind legs on day 21. (D) Body weight changes and (E) Kaplan− Meier 
survival curves of mice. *p < 0.05, ***p < 0.001 and ****p < 0.0001. 
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To treat recurrent/metastatic OS model, on the second day of surgery 
(day 14), the mice were divided into four groups (n = 3) and iv injected 
with 200 μL PBS, free Dox, PDox or IL11-PDox (Dox: 6 mpk) on day 14, 
17, 20, 25, 31 and 37. The tumor volume and body weight were 
measured every two days. On day 38, blood samples were taken for 
blood routine and biochemical tests. The mice were then sacrificed and 
dissected to collect heart, liver, spleen, lung, kidney, inguinal lymph 
nodes and tumors. The tumors and lungs were weighed, photographed 
and half of tumors were sliced for histological analyses (half for WB). 
Tumor weight was used to calculate tumor rejection rate (TIR), and lung 
weight was used to assess lung metastasis. The tumor and main organs 
were fixed, sliced, stained with H&E for histopathological analysis. 
Tumor sections were stained with STAT3 antibody immunofluores-
cence. Whole lung images were scanned and analyzed by Image J-10 to 
calculate the area percentage of tumor nodules in the total lung tissue. 

The tumor left was used for determining the expression of apoptosis and 
metastasis related proteins Bcl-2, IL-11Rα, STAT3, p-STAT3 and AKT 
using WB. 

To treat OS PDX model, at tumor volume of ca. about 50 mm3, the 
mice were divided into three groups (n = 5) and iv injected with 200 μL 
PBS, free Dox and IL11-PDox (Dox: 4 mpk) on day 0, 5, 12, 19 and 26. 
The tumor volume and body weight were measured continuously. On 
day 33, the mice were sacrificed, and the tumors were collected, 
weighed for TIR calculation, and sliced for H&E histological analysis. 

2.7. Statistical analysis 

All data are presented as mean ± standard deviation (SD). Statistical 
difference among groups was assessed by ANOVA analysis of variance. 
*p < 0.05 indicates significant difference, **p < 0.01, ***p < 0.001 and 

Fig. 5. Therapeutic efficacy of IL11-PDox in post-
operative relapsed OS model in nude mice. (A) Work 
flow. The relapsed OS model was built by surgically 
removal of the tumor bulks, and treated with IL11- 
PDox, PDox, free Dox (6 mpk) on day 14, 17, 20, 
25, 31, and 37. Tumor growth curves (B) and tumor 
volume on day 22 and 30 (C) (n = 3). (D) Tumor in-
hibition rate (n = 3) and photograph of isolated tu-
mors. (E) Body weight changes of mice (n = 3). (F) 
Expression of Bcl-2, IL-11Rα, AKT, STAT3 and p- 
STAT3 in tumors on day 38. (G) H&E staining images 
and (H) immunofluorescence of STAT3 staining im-
ages in tumor sections on day 38. *p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001.   
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****p < 0.0001 indicate highly significant difference. 

3. Results and discussion 

3.1. Preparation and characterization of IL11-PDox 

As a first-line drug for OS, Dox has a high potency to kill OS cells. The 
poor pharmacokinetics, low OS-selectivity and high systemic toxicity, 
however, seriously limit its clinical efficacy. Liposomal Dox (Doxil) 
though having improved pharmacokinetics and reduced cardiotoxicity 
exhibited barely any clinical benefits over free Dox, probably due to lack 
of tumor-targeting and low tumor deposition. Herewith, we designed IL- 
11Rα-specific peptide-functionalized disulfide-crosslinked polymer-
somal Dox (IL11-PDox) for targeted and fast intracellular Dox release to 

OS cells. Firstly, we measured the IL-11Rα expression in the clinical 
samples of seven OS patients. The results showed that 6/7 had a high IL- 
11Rα expression (Fig. S1), confirming that IL-11Rα is an OS-associated 
antigen [14,22]. Kleinerman et al. reported that IL-11Rα was 
expressed in 14 of 16 OS patient specimens, and IL-11Rα was seen in the 
cytoplasm and on cell surface [29]. 

IL11-PDox was obtained from co-self-assembly of PEG-P(TMC-DTC)- 
PAsp (5-(15.3–2.3)-1.3 kg/mol) synthesized according to our previous 
report [27] and IL-11Rα-specific peptide (sequence: cyclic CGRRAGGSC, 
denoted as IL11)-functionalized PEG-P(TMC-DTC) (IL11-PEG-P(TMC- 
DTC)) in HEPES buffer (10 mM, pH 7.4) containing Dox⋅HCl (5 mg/mL). 
IL11-PEG-P(TMC-DTC) was synthesized by amidation of NHS-PEG-P 
(TMC-DTC) (7.8–15.3-2.3 kg/mol) [30] with IL11 peptide. Micro BCA 
assay revealed a peptide functionality of 92.1%. The high IL11 peptide 

Fig. 6. The inhibition of lung metastasis by IL11-PDox in postoperative relapsed OS model treated as Fig. 5A (n = 3). (A) Photographs of isolated lungs and H&E 
images of slices of lungs and lymph nodes. (B) Lung weight. (C) Metastatic nodules in lung tissues based on area percentage of whole lung scan images. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001. 
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functionality was also confirmed by 1H NMR end group analysis 
(Fig. S2). 

IL11-PDox with varying surface IL11 peptide densities from 10%, 
20% to 30% was fabricated by adjusting the amount of IL11-PEG-P 
(TMC-DTC) in the feed. Interestingly, all IL11-PDox had a particularly 
small size and narrow distribution (Fig. 1A). The size of IL11-PDox 
increased slightly from 27 to 33 nm with increasing IL11 peptdie den-
sities from 10% to 30% (Table 1). Of note, IL11-PDox was much smaller 
than the counterparts based on PEG-P(TMC-DTC) (70–80 nm) [31]. We 
have shown previously that chimaeric polymersomes have generally 
small sizes [32,33], which could be a potential advantage in tumor 
penetration [34]. IL11-PDox remained colloidally stable with un-
changed size and size distribution after 14-day storage at 4 ◦C or in 10% 
FBS solution for 24 h (Fig. S3A–B). Dox leakage from IL11-PDox after 
40-day storage was only 1.3%. This high stability of IL11-PDox was 
owing to spontaneously formed disulfide crosslinks in polymersome 
membrane as reported previously [27,35]. Notably, ca. 86% Dox was 
released in 12 h under 10 mM GSH, whereas Dox release was <10% 
under a non-reductive condition (Fig. 1B). PDox demonstrated similar 
behavior to IL11-PDox. 

3.2. Enhanced endocytosis of IL11-PDox in OS cells 

The western blot experiments were conducted to determine the 
expression of IL-11Rα on different cell lines. The results revealed a very 
high expression of IL-11Rα in human OS 143B cells while moderate 
expression in LP1 and MM1S cells, and very low in L929 and H22 cells 
(Fig. 1C), in accordance to specific expression of IL-11Rα on OS cells 
[14]. We then investigated the endocytosis of IL11-PDox in 143B cells. 

The ligand density on nanoparticles plays a vital role in the targetability 
to tumor cells [36,37]. The flow cytometric results showed that the 
uptake of IL11-PDox was much higher than that of non-targeting PDox, 
and IL11-PDox with 20% IL11 peptide gave the highest uptake, which 
was 2.8- and 3.7-fold that of PDox and free Dox, respectively (Fig. 1D). 
The uptake of IL11-PDox was greatly reduced in IL11 peptide-pretreated 
143B cells (Fig. 1D). While in IL-11Rα-negative L929 cells, the uptake of 
both IL11-PDox and PDox was low and indistinguishable (Fig. 1E). 
These results confirmed active targeting effect of IL11-PDox to IL-11Rα- 
positive OS cells. 

CLSM images revealed a fast cell entry of IL11-PDox and even 
transporting from cytosol to nucleus (nucleolus) quickly from 1 h to 4 h 
(Fig. S4). Strong Dox fluorescence intensity in nucleolus was observed at 
2 h incubation, in great contrast to the low Dox concentration of free Dox 
and PDox groups, as well as cells pretreated with free IL11 peptide. The 
results confirmed the flow cytometric results. The prompt endocytosis of 
IL11-PDox to nuclei or nucleolus of the tumor cells facilitated the 
binding of DNA to prevent replica and ribosome fabrication, causing 
cytotoxicity. 

To study the endocytic pathway, the uptake of Cy5-labeled IL11-P 
was investigated in 143B cells pre-treated with dynasore, CPZ, amiloride 
or MβCD. The results revealed significant inhibition of uptake by 
dynasore and free IL11 peptide (Fig. 1F), suggesting receptor-mediated 
and dynamin dependent endocytosis of IL11-P. 

3.3. In vitro cytotoxicity and inhibition of cell migration of IL11-PDox 

The cytotoxicity studies using MTT assays showed that both PDox 
and IL11-PDox were significantly more toxic than free Dox to 143B cells 

Fig. 7. Therapeutic efficacy of IL11-PDox in OS PDX model (n = 5). (A) Expression of IL-11Rα in patient tumor tissue (OS), normal tissue surrounding the tumor (C) 
and PDX model (P). (B) Work flow. The mice were treated with IL11-PDox and free Dox (4 mpk) on day 0, 5, 12, 19 and 26. (C) Tumor growth curves. (D) Tumor 
inhibition rates. (E) H&E staining images of tumor slices. *p < 0.05 and ***p < 0.001. 
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(Fig. 2A). The IC50 of 20%IL11-PDox was only 0.05 μg/mL, which was 
3.2- and 9.6-fold lower than those of PDox and free Dox, respectively. 
However, the toxicity of 20%IL11-PDox to IL11 peptide-pretreated 143B 
cells became similar to PDox (Fig. 2B). To IL-11Rα-negative L929 fi-
broblasts, 20%IL11-PDox had a similar IC50 as PDox and free Dox, and 
32-time higher than that to 143B cells (Fig. 2C). The free IL11 peptide 
and empty polymersomes (P and IL11-P) were non-toxic at 4 mg/mL and 
1 mg/mL, respectively (Fig. S3C-E). These results verify the selective 
killing effect of IL11-PDox to IL-11Rα positive OS cells. IL11-PDox with 
20%IL11 was used in subsequent experiments unless otherwise 
specified. 

Fig. 2D shows that IL11-PDox induced 84.6% 143B cells undergoing 
apoptosis, which was significant compared with free Dox (47.2%) and 
PDox (60.4%). In particular, IL11-PDox caused more late apoptosis 
(50.9% versus 24.6% and 31.3% for free Dox and PDox, respectively). 
The cell cloning results showed that PDox significantly reduced 143B 
cell clones relative to free Dox, whereas IL11-PDox completely rejected 
the clone formation (Fig. 3A). The scratch-healing assays displayed fast 
migration and complete healing of 143B cells in 24 h, in consistent with 
their high rate of metastasis (Fig. 3B). Interestingly, IL11-PDox mark-
edly inhibited cell migration compared with PDox and free Dox (****p). 
The above results confirm that IL11-PDox possesses superior selectivity, 
apoptotic activity, and anti-migration effect toward OS cells. 

3.4. Antitumor efficacy of IL11-PDox in 143B orthotopic OS model 

To evaluate the anti-OS activity of IL11-PDox in vivo, we established 
orthotopic OS mouse model by injecting 143B cells into the femoral 
periosteum of the left hind leg of nude mice using a syringe of 29 gauge. 
The tumor was highly malignant, rapidly reaching 2000 mm3 on day 24. 
The mice exhibited symptoms of mobility difficulties and osteolysis, 
pointing to successful establishment of orthotopic 143B OS model. To 
firstly assess the in vivo targetability of IL11-PDox, at tumor volume of 
ca. 200 mm3 IL11-PDox, PDox and free Dox were intravenously (i.v.) 
injected into the mice, which were scanned to observe Dox accumulation 
at tumor sites. Fig. S5A showed that IL11-PDox accumulated at tumor 
sites quickly after injection, and reached maximum at 4 h, while the 
tumor enrichment was much lower in both PDox and free Dox groups. 
The ex vivo images at 24 h illustrated highly enriched IL11-PDox in 
tumors and low in major organs, in the contrary to PDox and free Dox 
groups (Fig. S5B). These results reveal the important role of IL11 peptide 
in promoting IL11-PDox accumulation in 143B tumors. 

The therapeutic treatment was started two days after tumor inocu-
lation by i.v. injection at a Dox dose of 6 mpk (Fig. 4A-B). Strikingly, 
IL11-PDox effectively inhibited tumor growth and 3/5 of mice showed 
no visible tumor in 30 days (Fig. 4B). In contrast, free Dox and PDox only 
retarded tumor growth and tumors grew rapidly as from day 18 with 
basically the same growth rate as PBS group. As shown in Fig. 4C, mouse 
left hind legs on day 21 were paralyzed for PBS group and abnormal for 
free Dox and PDox groups, in contrast to the healthy legs in IL11-PDox 
group. It is worth noting that except for free Dox group, the mice treated 
with both PDox and IL11-PDox did not show body weight loss (Fig. 4D), 
indicating effective reduction of systemic toxicity. The survival curves 
disclosed that PDox significantly improved the median survival time 
(MST = 37 d versus 26 d for PBS group, *p) while the improvement by 
free Dox was insignificant (Fig. 4E). Remarkably, IL11-PDox prolonged 
the MST to 74 d, which was highly significant compared with PBS, free 
Dox and PDox groups (****p). It should further be noted that one mouse 
was cured by IL11-PDox. These results certify that IL11-PDox can 
effectively target and inhibit orthotopic 143B tumor in vivo. 

3.5. Antitumor efficacy of IL11-PDox in a postoperative relapsed OS 
model 

OS patients after surgery had a recurrence rate of 40%–50%, leading 
to a low 5-year survival rate of <30% [4]. In order to further explore the 

efficacy of IL11-PDox for relapsed/metastatic OS, we built relapsed OS 
model by resecting the tumor bulks surgically on day 13 when ortho-
topic tumors were about 400 mm3 (Fig. 5A). It was found that the 
recurrent tumors grew significantly faster than the primary tumors 
(Fig. 5B), as also frequently seen in recurrent OS patients. The recur-
rence and metastasis after surgery was mainly ascribed to residual tumor 
cells and circulating tumor cells [38,39]. As for primary OS model, free 
Dox and PDox caused marginal growth retardation of recurrent tumors 
while IL11-PDox effectively inhibited tumor recurrence and growth 
(Fig. 5B). The tumor volumes on day 22 and 30 clearly supported a 
highly significant inhibitory activity of IL11-PDox compared with free 
Dox and PDox (****p) (Fig. 5C). On day 38, the tumor inhibition rate 
(TIR) of IL11-PDox was 83.3%, greatly higher than those of free Dox and 
PDox (***p, Fig. 5D) and the body weight of all treatment groups 
remained constant (Fig. 5E), indicating that this treatment scheme did 
not cause significant toxicities. 

On day 38, the survived mice were sacrificed and the expression of 
relevant proteins to apoptosis and metastasis in the tumors were 
analyzed using western blot. The results showed significantly down- 
regulated expression of IL-11Rα by IL11-PDox, which is in line with 
selective binding and killing of IL-11Rα-overexpressed tumor cells. The 
expressions of Bcl-2, AKT, STAT3 and p-STAT3 were considerably low-
ered in IL11-PDox group (Fig. 5F), supporting a high apoptotic activity, 
anti-proliferation and anti-metastatic potency of IL11-PDox, respec-
tively. PI3K-AKT pathway is important for cell proliferation and survival 
[40]. The activation of STAT3 pathway was reported to promote both 
growth and metastasis of OS cells [41,42]. The H&E staining revealed 
widespread tumor apoptosis and necrosis by IL11-PDox (Fig. 5G). The 
STAT3 staining images further showed that IL11-PDox caused a signif-
icant decrease in STAT3 expression in tumor (Fig. 5H, Fig. S6). 

Lung metastasis is frequently observed in relapsed OS patients [3]. 
Interestingly, the lung of IL11-PDox group displayed a smooth surface 
(Fig. 6A) and a mass of ca. 0.12 g (Fig. 6B), which were both similar to 
that of healthy mouse. In sharp contrast, the lungs of PBS, free Dox and 
PDox groups exhibited rough surface with abundance of white meta-
static nodules and were much heavier than that of IL11-PDox group. The 
H&E staining images of lung slices confirmed abundant metastatic 
tumor cells and destruction of alveolar structures in PBS group (Fig. 6A). 
The lungs of free Dox and PDox groups though retaining an alveolar 
structure showed obvious tumor nodules. In sharp contrast, no tumor 
cell infiltration was observed in the lung of IL11-PDox group. The ex-
amination of the lung metastases area (Fig. 6C) confirmed the 
outstanding performance of IL11-PDox in inhibiting lung metastases of 
relapsed OS model. These results are consistent with significant down-
regulation of pro-metastatic proteins like STAT3, p-STAT3 and IL-11Rα 
in tumor tissues (Fig. 5F, Fig. S6) and rejection of cell migration 
(Fig. 3B). In addition, lymph node enlargement caused by tumor 
metastasis was observed in all groups except IL11-PDox group (Fig. 6A). 

H&E staining of main organs illustrated that in contrast to free Dox, 
both IL11-PDox and PDox did not cause cardiomyocyte apoptosis 
(Fig. S7). Further, no obvious histological damage was discerned in 
liver, spleen and kidney. The blood routine and blood biochemical tests 
showed that IL11-PDox treatment significantly reduced WBC (*p) and 
AST (**p) concentrations as compared to PBS, free Dox and PDox 
(Fig. S8), further confirming the importance of active targeting effect of 
IL11-PDox in the chemotherapy of OS. 

3.6. Antitumor efficacy of IL11-PDox in OS PDX model 

Encouraged by its excellent performance in orthotopic primary and 
relapsed/metastatic OS models, we further investigated the efficacy of 
IL11-PDox in OS patient-derived xenograft (PDX) model. PDX model is 
considered more relevant to the development of clinical drugs [43]. The 
PDX model was established by subcutaneously transplanting OS patient 
tumor tissue to SCID beige mice. The patient tissue and PDX tumor 
displayed a high expression of IL-11Rα while low IL-11Rα expression 
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was detected in the healthy tissue surrounding OS tumor (Fig. 7A), in 
agreement with the findings from the OS patient specimens, which had 
low IL-11Rα expression in normal tissues but high in the metastatic 
tumor nodules [29]. The mice were treated at tumor volume of ca. 50 
mm3 by i.v. injection of IL11-PDox at 4 mpk every five days (n = 5) 
(Fig. 7B). The results showed that IL11-PDox completely inhibited 
tumor growth over 33 days, which was significantly more potent than 
free Dox (*p) (Fig. 7C). The tumor inhibition rate (TIR) was ca. 80% and 
40% for IL11-PDox and free Dox, respectively (Fig. 7D), confirming a 
greater anti-OS efficacy of IL11-PDox in PDX model. The H&E staining 
displayed a considerably less dense tumor tissue and more apoptotic 
cells for IL11-PDox group than for PBS and free Dox groups (Fig. 7E). 
Moreover, unlike free Dox, IL11-PDox did not cause cardiac toxicity. 
These results corroborate the active targeting effect of IL11-PDox to-
ward patient-derived OS xenografts. IL-11Rα-targeted nanodelivery 
empowers chemotherapy for advanced osteosarcoma. 

4. Conclusion 

We have demonstrated that IL-11Rα specific peptide-installed redox- 
responsive polymersomes encapsulating Dox (IL11-PDox) greatly 
empower the specificity and anti-OS efficacy of chemotherapy, which 
leads to superior inhibition of IL-11Rα-overexpressing 143B orthotopic 
OS model, tumor recurrence and lung metastasis after surgical resection, 
and patient-derived xenograft model compared with free Dox. IL11- 
PDox also displays clearly less toxicity including cardiotoxicity than 
free Dox. IL11-PDox has unique advantages including small size (~30 
nm), high specificity, good stability, redox-responsivity and facile 
fabrication. IL-11Rα-targeted nanodelivery of Dox offers a highly 
attractive therapeutic strategy for malignant OS. 
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