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A B S T R A C T   

The treatment of malignant bone tumors by chemotherapeutics often receives poor therapeutic response due to 
the specific physiological bone environment, and thus calls for the development of new therapeutic options. 
Here, we reported a bone-targeted protein nanomedicine for this purpose. Saporin, a toxin protein, was co- 
assembled with a boronated polymer for intracellular protein delivery, and the formed nanoparticles were 
further coated with an anionic polymer poly (aspartic acid) to shield the positive charges on nanoparticles and 
provide the bone targeting function. The prepared ternary complex nanoparticles showed high bone accumu
lation both in vitro and in vivo, and could reverse the surface charge property from negative to positive after 
locating at tumor site triggered by tumor extracellular acidity. The boronated polymer in the de-shielded 
nanoparticles further promote intracellular delivery of saporin into tumor cells, exerting the anticancer activ
ity of saporin by inactivation of ribosomes. As a result, the bone-targeted and saporin-loaded nanomedicine could 
kill cancer cells at a low saporin dose, and efficiently prevented the progression of osteosarcoma xenograft tu
mors and bone metastatic breast cancer in vivo. This study provides a facile and promising strategy to develop 
protein-based nanomedicines for the treatment of malignant bone tumors.   

1. Introduction 

Malignant bone tumors are classified into orthotopic bone tumors 
and bone metastatic tumors. Osteosarcoma, the most common type of 
orthotopic bone tumor, mainly occurs in adolescents and young adults. 
Though the five-year survival rate for patients with localized osteosar
coma has been improved to 60–80%, the rate for the ones with meta
static osteosarcoma is still low (15–30%) [1]. Bone metastasis is 
frequently diagnosed in advanced cancer patients such as breast and 
prostate cancers. Nearly 73% breast cancers and 68% prostate cancers 
may progress to bone metastasis [2]. Bone metastasis is life threatening 
and will cause serious complications such as pathological fracture, bone 
pain, neurological deficit and paralysis, severely affecting the quality of 
life. The current scenarios for the treatment of orthotopic and metastatic 
bone cancers are far from satisfactory. Patients with surgical resection of 

bone tumor usually suffer from reoccurrence due to incomplete removal 
of tumor located in bone marrows. In addition, surgical treatment is not 
available for patients with multiple metastatic bone tumors. Most bone 
tumors are not sensitive to conventional radiotherapy due to the specific 
physiological bone environment. The treatment of bone tumors by 
chemotherapeutics is also limited due to multidrug resistance and poor 
drug accumulation at the bone tumor site. 

In recent years, bone-targeted nanomedicines with enhanced drug 
accumulation at bone tissues were proposed as promising candidates for 
the treatment of bone tumors [3]. Inorganic minerals in bone tissues 
such as hydroxyapatite were proposed as the targets. Ligands with high 
hydroxyapatite binding affinities such as bisphosphonates, aspartic 
acid-rich peptides, phytic acid, anionic polymers and tetracycline were 
conjugated to nanoparticles to improve their bone accumulation [4]. 
These ligands possess stronger binding with highly crystallized 
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hydroxyapatite, and thus are beneficial for targeted delivery of thera
peutic agents to bone defects and osteolytic lesions around bone tumors. 
For example, bisphosphonate conjugated poly (lactide-co-glycolide) 
(PLGA) or poly (lactic acid) (PLA) nanoparticles were loaded with 
anticancer drugs for the treatment of metastatic bone tumors and oste
osarcoma [5]. The natural compound phytic acid with six phosphonate 
groups were reacted with cisplatin to prepare bone-targeted nano
medicine for the treatment of bone metastatic cancer [6]. Bisphospho
nate and peptide conjugated nanoparticles were also proposed to treat 
bone tumors via photothermal therapy [7]. Besides, targeted nano
particle mediated combination therapies were proposed to enhance 
therapeutic response in bone tumor therapy [8], and to break down the 
vicious cycle between tumor growth and bone resorption [9]. Though 
these nanomedicines showed promising therapeutic results in vivo, there 
is still an urgent need to develop novel and efficient therapeutic sce
narios for the treatment of orthotopic bone tumors and metastatic ones. 

Protein drugs have high potency and specificity compared to con
ventional small-molecule chemotherapeutics [10]. However, proteins 
are easily degraded by proteases and hard to penetrate through cell 
membranes to act on intracellular targets. To solve these issues, poly
mers that are capable of protecting protein against proteolysis and 
delivering protein cargoes inside cells were developed [11]. Boronated 
polymer was proposed to complex with proteins via a combination of 
nitrogen-boronate coordination and ionic interactions, and showed 
promising efficiency in cytosolic delivery of cargo proteins and peptides 
with maintained bioactivity [12]. Here, we used a boronated dendrimer 
as the protein carrier to deliver saporin, a toxin protein into bone tumor 
cells for cancer therapy (Fig. 1). The polymer/saporin nanoparticle was 
further coated with a bone targeting polymer poly-(α, β)-DL-aspartic 
acid (PASP, pKa4.9) via ionic interactions. Besides bone targeting, PASP 
coating could turn the charge property of the nanoparticles from posi
tive to negative, which avoids the rapid clearance of cationic nano
particles by reticuloendothelial system during blood circulation. The 
de-shielding of PASP coating could be triggered by protonation of 
PASP when the nanoparticles were located in tumor microenvironment, 
and saporin was further delivered into tumor cells by the boronated 
polymer to exert its anticancer activity. 

2. Materials and methods 

2.1. Materials 

Generation 5 amine-terminated polyamidoamine dendrimer (G5- 
NH2) with an ethylenediamine core was obtained from Dendritech Inc. 
(Midland, MI, USA). 4-(Bromomethyl)phenylboronic acid was pur
chased from Meryer Chemical Technology Co., Ltd. (Shanghai, China). 
Saporin and PASP sodium (2000–11000 Da) were purchased from 
Sigma-Aldrich (St Louis, MO). Cy5.5 NHS ester was purchased from 
Lumiprobe (USA). Fluorescein isothiocyanate (FITC) was bought from 
Macklin Biochemical Co., Ltd. (Shanghai, China). Methanol and 
dimethyl sulfoxide (DMSO) were obtained from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) was purchased from Sangon 
Biotech. (Shanghai, China). BCA assay kit were purchased from Beyo
time (Jiangsu, China). 

2.2. Synthesis of boronated dendrimer 

The boronated dendrimer was synthesized according to a previously 
reported method [12a]. 4-(Bromomethyl)phenylboronic acid (PBA) and 
G5-NH2 were dissolved in anhydrous methanol at a PBA/dendrimer 
molar ratio of 256:1 and stirred at 70 ◦C for 24 h. After that, the product 
was intensively dialyzed against methanol and distilled water using a 
dialysis bag (3500 Da, Biosharp, USA), followed by lyophilization to 
obtain G5-PBA (GP). The average number of PBA in each GP molecule is 
calculated to be 70 according to 1H NMR analysis (500 MHz, Varian). 

2.3. Synthesis of FITC-labeled saporin (saporinFITC) and Cy5.5-labeled 
saporin (saporinCy5.5) 

In a typical procedure, FITC was dissolved in DMSO and added into 
the saporin (32.8 kDa) solution (phosphate buffer saline, pH 7.4) at a 
FITC/saporin molar ratio of 3:1. The reaction mixture was stirred for 24 
h in the dark at room temperature. The product was purified by Milli
pore Amicon Ultra-15 filtration device (Mw: 3000 Da) to obtain FITC- 
labeled saporin (saporinFITC). The protein concentration in the ob
tained solution was measured by a BCA assay kit. The sample was stored 
at − 20 ◦C before further use. saporinCy5.5 was synthesized by the same 

Fig. 1. Design of bone-targeted protein nanomedicine for the treatment of malignant bone tumors. The ternary complex GPSP is consisted of an intracellular protein 
delivery carrier GP, a toxin protein saporin and a bone-targeted polyanion PASP. PASP on the surface enhances the accumulation of protein therapeutics in the bone 
tumor site, and GP facilitates the intracellular delivery of saporin protein into tumor cells. The polymer PASP on GPSP shields the positive charges on GPS nano
particles during blood circulation, but will be detached on GPS after localization in tumor tissues triggered by tumor extracellular acidity. 
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procedure. 

2.4. Synthesis and characterization of GPS and GPSP nanoformulations 

GP was mixed with saporin in distilled water at a saporin/GP weight 
ratio of 0.75:1 for 30 min to obtain the binary complex GPS (349 nM GP 
and 304.9 nM saporin). Then, the anionic polymer PASP was added into 
the GPS solution at a PASP/GP weight ratio of 1.05:1 and the solution 
was incubated at room temperature for 20 min to obtain the ternary 
complex termed GPSP. The obtained GPS and GPSP complexes were 
further characterized. The morphology and size of the complexes were 
characterized by a transmission electron microscope (TEM) operated at 
100 kV (HT7700, Hitachi, Japan). The hydrodynamic size and zeta 
potential of complexes were measured by Zetasizer Nano ZS90 (Malvern 
Instruments, UK) at 25 ◦C. To explore the detachment of PASP from the 
GPSP ternary complex nanoparticles, the zeta potential of GPSP nano
particles (349 nM GP and 304.9 nM saporin) were measured at pH 7.5, 
7.0, 6.5 and 6.0, respectively. The hydrodynamic sizes of GPS and GPSP 
complexes were measured at 0, 24, 48, and 72 h after preparation to 
evaluate the stability of nanoparticles. The complex was also diluted 
with distilled water containing 10% FBS and further incubated for 2 h 
before size measurement. 

The GPSFITC complex consisting of GP and saporinFITC (34.9 nM GP 
and 30.5 nM saporin) were prepared as described above and charac
terized by a fluorescence spectrophotometer (F-4500, Hitachi, Japan). 
Free saporinFITC was measured as a control. The excitation wavelength is 
470 nm, and the emission wavelength ranges from 475 nm to 600 nm. To 
mimic the release of saporin from GP triggered by anionic biomolecules, 
the GPSFITC complex solution was also added with heparin sodium (5 
mg/mL) and the samples were incubated for 30 min at room tempera
ture. The samples were then measured by the fluorescence 
spectrophotometer. 

2.5. Cell culture and intracellular saporin delivery 

143B cells (a human osteosarcoma cell line, ATCC) and MDA-MB- 
231 cells (a human breast carcinoma cell line, ATCC) stably expressing 
luciferase were cultured in DMEM (Gibco) and MEM (Gibco), respec
tively containing 10% fetal bovine serum (FBS, Gemini Bio), 100 μg/mL 
penicillin and 100 μg/mL streptomycin. The cells were cultured at 37 ◦C 
under 5% CO2 atmosphere in an incubator (Thermo, USA). For cell 
viability assay, 143B or MDA-MB-231 cells were diluted by culture 
medium contained 10% FBS and cultured in 96-well plates (104 cells/ 
well) overnight. The samples including saporin (0–1 μg/mL), GPS (0–1 
μg/mL saporin, the saporin/GP weight ratio is 3:4) and GPSP (0–1 μg/ 
mL saporin, the saporin/GP/PASP weight ratio is 3:4:4.2) were diluted 
with serum-free culture medium, and added into the wells and incu
bated for 4 h with five repeats for each sample. After that, the incubation 
medium was replaced by fresh culture medium containing 10% FBS and 
the cells were further incubated for 20 h. GPSP pre-treated with serum- 
free culture medium at pH 6.5 for 5 min was also tested to confirm the 
pH-responsive behavior of the nanoparticles. A standard MTT assay was 
used to determine the viability of cells after treatment. 

For confocal experiments, 143B cells or MDA-MB-231 cells were 
diluted by culture medium containing 10% FBS and cultured in confocal 
culture dishes (105 cells) overnight. 2.0 μg saporinFITC was mixed with 
2.67 μg G5-NH2 or GP, respectively, followed by dilution with 50 μL 
serum-free culture media and incubation for 30 min at room tempera
ture to obtain G5SFITC and GPSFITC, respectively. GPSFITCP was obtained 
by adding 2.8 μg PASP into the above GPSFITC solution and further 
incubated for 20 min at room temperature. After that, 950 μL serum-free 
culture media was added into the complex solution and mixed thor
oughly before cell culture. The final concentrations of saporin, GP and 
PASP were 61.0 nM, 69.8 nM GP, and 430.8 nM, respectively. The 
samples were added into the dishes and incubated with 143B cells or 
MDA-MB-231 cells for 4 h. Then cells stained with Lysotracker red 

(DND-99, Invitrogen) and Hoechst 33342, respectively and washed with 
PBS buffer before observing by a laser scanning confocal microscope 
(LSCM, Leica SP5, Germany). To quantitatively measured the internal
ized saporinFITC, the cells were also cultured in 48-well plates and 
treated with 200 μL medium containing 0.4 μg saporinFITC, G5SFITC (0.4 
μg saporinFITC and 0.53 μg G5-NH2), GPSFITC (0.4 μg saporinFITC and 
0.53 μg GP) and GPSFITCP (0.4 μg SaporinFITC, 0.53 μg GP and 0.56 μg 
PASP), respectively for 4 h before harvesting and washed with PBS for 
three times. The fluorescence intensity of cells and percent of positive 
cells were quantitatively analyzed by flow cytometry (BD FACSCalibur, 
San Jose). 

2.6. Bone-binding affinity of GPSP 

The binding affinity of GPS and GPSP on highly-crystallized hy
droxyapatite tablets and isolated tibias from mice were investigated. The 
hydroxyapatite tablets gifted from Prof. Kaili Lin at the Ninth People’s 
Hospital, Shanghai Jiaotong University were immersed in 2 mL solutions 
containing saporin (1 μg/mL), GPS (1 μg/mL saporin, 1.34 μg/mL GP) 
and GPSP (1 μg/mL saporin, 1.34 μg/mL GP, and 1.4 μg/mL PASP), 
respectively for 24 h followed by washing with distilled water and 
drying in air. Hydroxyapatite tablets incubated with distilled water was 
tested as a blank control. After that, a scanning electron microscope 
(SEM, S4800, Hitachi, Japan) operated at 3 kV was employed to char
acterize of the adsorbed nanoparticles on the hydroxyapatite tablets. To 
visualize the adsorbed nanoparticles on the tablets, saporin was labeled 
with Cy5.5 and further complexed into GPSCy5.5 and GPSCy5.5P, 
respectively. The adsorption procedures were the same as described 
above. An in vivo imaging system (IVIS, Lumina-II, Caliper Life Sciences) 
was employed to image the hydroxyapatite tablets adsorbed with sap
orinCy5.5. The relative radiant efficiency on the tablets were quantita
tively measured by IVIS. Similarly, tibias collected from health nude 
mice and bone tumor-bearing mice were incubated with GPSCy5.5 and 
GPSCy5.5P solutions, respectively, at equal concentrations as described 
above for 24 h. After washing with distilled water, the tibias were 
imaged and quantitatively analyzed by IVIS. Three repeats were con
ducted for each sample. 

2.7. Biodistribution of GPSCy5.5 and GPSCy5.5P 

The animal experiments were conducted according to the National 
Institutes of Health guidelines for the care and use of laboratory animals 
and approved by the ethics committee of East China Normal University. 
4-Week-old male BALB/c nude mice were bought from SLAC Laboratory 
Animal Co. Ltd. (Shanghai, China). 143B cells (2 × 105 in 20 μL PBS) 
stably expressing luciferase were injected into the medullary cavity of 
the right tibias by a sterile insulin syringe to establish the osteosarcoma 
model. Two weeks post-injection, each mouse was intraperitoneally 
injected with D-luciferin (3 mg in 200 μL PBS) and imaged by IVIS. The 
mice with similar luminescence intensities were chosen for further 
studies. Two mice were intravenously injected with 150 μL GPSCy5.5 
(100 μg/kg saporinCy5.5 and 133.3 μg/kg GP) and GPSCy5.5P (100 μg/kg 
saporinCy5.5, 133.3 μg/kg GP and 140 μg/kg PASP), respectively. The 
mice were monitored by IVIS at 3 h, 6 h, 12 h, 24 h, 48 h and 72 h post- 
injection. To quantitatively analyze the intensity of Cy5.5 fluorescence 
in the tissues, the residual mice were randomly divided into two groups 
with five mice in each group, and intravenously injected with 150 μL 
GPSCy5.5 (100 μg/kg saporinCy5.5 and 133.3 μg/kg GP) and GPSCy5.5P 
(100 μg/kg saporinCy5.5, 133.3 μg/kg GP and 140 μg/kg PASP), 
respectively. After 24 h, the main organs and tissues such as heart, liver, 
spleen, lungs, kidneys, tumor and tibias from tumor bearing legs were 
harvested, and imaged by IVIS. 

2.8. Treatment of malignant bone tumors by GPSP nanoparticles 

The orthotopic osteosarcoma model was established using 143B cells 
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as described above. The mice with similar luminescence intensities at 
tumor site were rationally divided into five groups (five mice in each 
group) and intravenously injected with 150 μL PBS, GP (133.3 μg/kg), 
saporin (100 μg/kg), GPS (100 μg/kg saporin and 133.3 μg/kg GP) and 
GPSP (100 μg/kg saporin, 133.3 μg/kg GP and 140 μg/kg PASP), 
respectively. The treatments were repeated every other day with a total 
number of six injections, and the mice were imaged and quantitatively 
analyzed by IVIS before the first injection, after the third and sixth in
jection, respectively. The circumference of tumor-bearing legs and the 
body weight of each mouse were recorded every day. The mice were 
sacrificed after treatment. The tumor-bearing legs were excised from the 
mice bearing osteosarcoma 143B tumor, and scanned by Siemens Bio
graph micro-CT (Skyscan 1076, Antwerp, Belgium). A CTVox program 
(Bruker micro-CT NV, Antwerp, Belgium) was employed to reconstruct 
the 3D structure of tibias. 

Bone metastatic breast cancer model was established by injection of 
MDA-MB-231 cells stably expressing luciferase into the medullary cavity 

of tibias of nude mice as described above (2 × 105 cells in 20 μL PBS). 
The mice with similar luminescence intensities were chosen for therapy 
studies. The mice were randomly divided into five groups with five mice 
in each group, and treated with 150 μL PBS, GP (200 μg/kg), saporin 
(150 μg/kg), GPS (150 μg/kg saporin and 200 μg/kg GP) and GPSP (150 
μg/kg saporin, 200 μg/kg GP and 210 μg/kg PASP), respectively, with a 
total number of five injections. The mice were imaged and quantita
tively analyzed by IVIS before the first injection, after the third and fifth 
injection, respectively. 

2.9. Histopathological examination and apoptosis analysis 

The apoptosis of cells in bone tumors were analyzed by TdT- 
mediated dUTP Nick-End Labeling (TUNEL) assay. The bone tumors 
were isolated from the tibias after micro-CT analysis, and fixed in 
paraffin and sectioned into slices with a thickness of 4 μm. The sections 
were then treated with proteinase K, Hoechst 33342 and TUNEL 

Fig. 2. Characterizations of GPS and GPSP nanoparticles. The hydrodynamic sizes of GPS (a) and GPSP (b), respectively. Insets are TEM images of GPS and GPSP 
nanoparticles, respectively. Scale bar, 100 nm. (c) The hydrodynamic sizes of GPS and GPSP measured at 0, 24, 48 and 72 h after preparation. (d) The hydrodynamic 
size of GPS and GPSP nanoparticles before and after incubation with 10% FBS for 2 h. (e) The zeta potentials of GPS and GPSP measured at different pH values. (f) 
Confocal images of 143B cells treated with SaporinFITC, G5SFITC, GPSFITC and GPSFITCP, respectively for 4 h. The endolysosomes were stained by Lysotracker red. Scale 
bar, 30 μm. (g) Mean fluorescence intensity of 143B cells treated with the above samples for 4 h. Viability of 143B (h) and MDA-MB-231 (i) cells treated with saporin, 
GPS and GPSP, respectively. GPSP pretreated with serum-free medium at pH 6.5 was also tested to confirm pH-responsiveness. **p < 0.01 analyzed by student’s t- 
test, one tailed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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reaction solution according to the protocol of a Cell Death Detection Kit 
(Roche, Mannheim, Germany) and imaged by a fluorescence microscope 
(Olympus, Japan). 

3. Results and discussion 

3.1. Preparation and characterization of bone-targeted protein 
nanoparticles 

Boronated dendrimer was synthesized by reacting G5-NH2 with 4- 
(bromomethyl)phenylboronic acid according to a previously reported 
method [12a]. The average number of phenylboronic acid (PBA) ligands 
decorated on each G5-NH2 was 70 calculated by 1H NMR analysis 
(Fig. S1), and the product G5-PBA conjugate was termed GP. The 
complexation of GP with saporin yielded nanoparticles termed GPS. The 
size of GPS nanoparticles measured by dynamic light scattering was 
around 100 nm (Fig. 2a). Further coating of GPS nanoparticles with 

PASP via ionic interactions produced a ternary complex named GPSP. 
The size of GPS was increased after PASP coating (Fig. 2b). Both GPS and 
GPSP nanoparticles were stable when incubated in aqueous solutions for 
72 h (Fig. 2c). GPSP also showed good stability in the presence of serum, 
which is probably due to the anionic nanoparticle surface (Fig. 2d). On 
the contrary, GPS nanoparticles with positive surface charges could 
interact with anionic serum proteins, and form larger aggregates in 
serum solutions (Fig. 2d). We further measured the zeta-potential of GPS 
and GPSP nanoparticles at different pH conditions. As shown in Fig. 2e, 
the zeta-potential of GPSP nanoparticles was gradually turned from − 20 
mV to about +10 mV when the solution pH was decreased from 7.4 to 
6.5, suggesting the charge reversal property of GPSP triggered by tumor 
extracellular acidity (pH 6.2–6.8). In comparision, the value of GPS 
nanoparticles was only slightly changed within the pH range. This 
property is beneficial for targeted cancer therapy by shielding the pos
itive charges on nanoparticles during blood circulation, while 
de-shielding the coating to promote tumor cell internalization after 

Fig. 3. Bone-targeting capability of GPSP. (a) SEM images of hydroxyapatite tablets incubated with distilled water, saporin, GPS and GPSP, respectively for 24 h. The 
white arrows indicate GPS or GPSP nanoparticles adsorbed on the hydroxyapatite tablets. (b) Fluorescence images of hydroxyapatite tablets incubated with sap
orinCy5.5, GPSCy5.5 and GPSCy5.5P, respectively for 24 h. (c) Relative radiant efficiency of the samples in (b) measured by IVIS. (d) Fluorescence images of tibias from 
healthy mice and bone tumor-bearing mice incubated with GPSCy5.5 and GPSCy5.5P, respectively for 24 h. (e) Relative radiant efficiency of the samples in (d). (f) 
Fluorescence images of mice intravenously injected with GPSCy5.5 and GPSCy5.5P for 3, 6, 12, 24, 36 and 48 h, respectively. The red dotted circles represent the tumor 
sites. (g) Fluorescence images of the main organs and tissues collected from mice after treatment with GPSCy5.5 and GPSCy5.5P, respectively for 24 h. (h) Quantitative 
analysis of saporinCy5.5 in the main organs at 24 h post-injection. He = heart; Li = liver; Sp = spleen; Ki = kidney; Lu = lung; Tu = tumor; Ti = tibia. *p < 0.05 and 
**p < 0.01 analyzed by student’s t-test, one tailed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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localizing in tumor tissues [13]. We further analyzed the efficacy of GPS 
and GPSP in the delivery of saporin into cancer cells. For visualization 
and quantitative analysis, saporin was labeled with 
fluorescein-5-isothiocyanate (saporinFITC). The prepared complexes 
were termed GPSFITC and GPSFITCP, respectively. The binding of sapor
inFITC with GP significantly quenched the fluorescence from FITC due to 
the formation of nanoparticles. However, the bound saporinFITC in the 
nanoparticles could be efficiently released in the presence of anionic 
polymers such as heparin (Fig. S2). Free saporinFITC and G5-NH2 com
plexed saporinFITC (G5SFITC) showed poor cellular uptake by osteosar
coma 143B cells, in comparison, GPSFITC was efficiently internalized 
into the cells (Fig. 2f). The internalized saporinFITC were not co-localized 
with endolysosomes stained by Lysotracker Red, suggesting efficient 
endosomal escape after endocytosis. Similar results were obtained on 
MDA-MB-231 cells (Fig. S3). Though GPSFITCP nanoparticles are nega
tively charged, they could also be internalized by 143B cells, but the 
amount of internalized saporin was decreased by nearly 50% after PASP 
coating (Fig. 2g). The cytotoxicity of GPS and GPSP were further tested 
on 143B and MDA-MB-231 cells. Free saporin showed minimal toxicity 
on the cells at concentrations up to 1 μg/mL, however, the GPS nano
particles efficiently killed both cells with a half maximal inhibitory 
concentration (IC50) below 0.4 μg/mL for saporin (Fig. 2h and i). After 
PASP coating, the toxicity of GPS nanoparticles was reduced and this 
result was in accordance with cellular uptake results in Fig. 2g. When pH 
value of the GPSP solution was changed to 6.5, the efficiency of GPSP 
nanoparticles on killing cancer cells was increased. This is due to the 

charge reversal of GPSP nanoparticles from negative to positive, which 
is beneficial for cell internalization. 

3.2. Bone targeting ability of GPSP nanoparticles 

The binding ability of GPSP nanoparticles on hydroxyapatite and 
isolated tibias were further characterized. Free saporin and GPS nano
particles were tested as negative controls. The nanoparticles adsorbed 
on hydroxyapatite tablets were directly observed by scanning electron 
microscope (SEM). The amount of GPSP nanoparticles adsorbed on the 
surface of hydroxyapatite were more than those of GPS particles 
(Fig. 3a). For quantitative analysis, saporin was labeled with Cy5.5 
(saporinCy5.5), and the prepared complexes were termed GPSCy5.5 and 
GPSCy5.5P, respectively. As shown in Fig. 3b and c, the fluorescence 
signals on GPSCy5.5P adsorbed hydroxyapatite tablets were much 
stronger than those on saporinCy5.5 and GPSCy5.5P treated tablets. 
Similar results were obtained on isolated tibias (Fig. 3d and e). Besides, 
the amount of GPSCy5.5P adsorbed on tumor bearing tibias was higher 
than that on healthy tibias. We further investigated the in vivo bio
distribution of GPSCy5.5 and GPSCy5.5P after intravenous administration 
(Fig. 3f). The results showed that saporinCy5.5 in GPSCy5.5 were rapidly 
cleared via kidney, probably due to instability of the GPS nanoparticle in 
the blood. After PASP coating, the kidney biodistribution of saporinCy5.5 
was significantly decreased, while the amounts of protein accumulated 
in tumors and tumor bearing tibias were increased (Fig. 3g and h). The 
accumulation of GPSCy5.5P around the tumor bearing tibias was even 

Fig. 4. The treatment of orthotopic osteosarcoma 143B tumor by PASP. (a) Luminescence images of mice before treatment, and at day 6 and day 12 post-treatment, 
respectively by IVIS. (b) Relative luminescence intensities at the bone tumor site at day 6 (black) and day 12 (orange), respectively. The values were relative to those 
at day 0 for each group. (c) The circumference of tumor-bearing legs during the treatment period. (d) Average weight of tumors excised from the tumor-bearing legs 
after treatment. (e) Apoptosis of tumor cells (red) after treatment determined by TUNEL assay. The cell nuclei were stained by Hoechst 33342 (blue). *p < 0.05, **p 
< 0.01 and ***p < 0.001 analyzed by student’s t-test, one tailed. Statistical differences for the PBS, GP, saporin and GPS groups compared to the GPSP group were 
analyzed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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observed at 48 h post-injection (Fig. 3f). These results clearly proved 
that GPSP nanoparticles have higher complex stability and bone tar
geting ability in vivo. 

3.3. GPSP nanoparticles in the treatment of bone tumors 

We firstly tested the therapeutic efficiency of GPSP in an osteosar
coma 143B tumor model. 143B cells stably expressing luciferase were 
injected into medullary cavity of the right tibias by a sterile syringe. The 
mice with similar luminescence intensity around the tumor bearing 
tibias were chosen for further studies and randomly divided into five 
groups. The mice were administrated with PBS, free saporin, GP, GPS 
and GPSP, respectively. During the treatment, the body weights of mice 
were scarcely changed (Fig. S4). In Vivo Imaging System (IVIS) was used 
to monitor the tumor growth at the sixth and twelfth day. As shown in 
Fig. 4a and b, the 143B tumors rapidly progressed in the control groups 
receiving PBS, free saporin, GP and GPS, respectively. In comparison, 
the growth of 143B tumors in the mice treated with GPSP was signifi
cantly inhibited according to the IVIS results. During tumor growth, 
circumference of the leg bearing 143B tumor was significantly 
increased. The increase of leg circumference of mice receiving GPSP was 
significantly inhibited compared to those in control groups (Fig. 4c). The 
weight and size of isolated tumors in the GPSP group were also lower 

(Fig. 4d and Fig. S5). Terminal-deoxynucleotidyl transferase mediated 
nick end labeling (TUNEL) analysis confirmed that the apoptosis level of 
tumor cells in mice treated with GPSP was the highest among the five 
groups (Fig. 4e). We further analyzed the isolated tibias bearing 143B 
tumors after treatment by micro-computed tomography (micro-CT). The 
results clearly showed that the bone structures in the mice treated with 
GPSP were maintained, while those in the control groups were severely 
broken (Fig. 5a and b and Fig. S6). Quantitative analysis in Fig. 5c–f 
demonstrated that the bone parameters including bone surface area, 
bone volume, trabecular number and trabecular separation were 
improved in mice treated with GPSP compared to those in control 
groups. These data proved that the GPSP nanoparticles can efficiently 
prevent tumor growth in osteosarcoma 143B model, and inhibit the 
tumor-associated osteolysis. We also tested the therapeutic efficiency of 
GPSP in the treatment of bone metastatic MDA-MB-231 breast cancer 
(Fig. S7). The luminescence intensities at tumor site were significantly 
increased in the PBS, GP, saproin and GPS groups during the therapeutic 
perioid, while the signals were much lower in the GPSP group after 
treatment (Fig. S7a and S7b). In addition, GPSP treatment efficiently 
inhibited the growth of tumors (Fig. S7c and S7d) compared to all the 
control groups. These results supported that GPSP treatment can also 
inhibit the growth of MDA-MB-231 tumors located in the tibias. 

Fig. 5. Micro-CT analysis of the tumor-bearing tibias after treatment. (a) 3D micro-CT reconstruction of tumor-bearing tibias after treatment. (b) 3D sagittal 
reconstruction of tumor-bearing tibias. (c–f) Tibia parameters including bone surface (c), bone volume (d), trabecular number (e) and trabecular separation (f) in the 
tumor-bearing mice after treatment. N.S.p > 0.05, *p < 0.05 and **p < 0.01 analyzed by student’s t-test, one tailed. 

Y. Yan et al.                                                                                                                                                                                                                                     



Bioactive Materials 7 (2022) 333–340

340

4. Conclusion 

In summary, we reported a bone-targeted protein nanomedicine for 
the treatment of malignant bone tumors. The nanomedicine consisted of 
an intracellularly delivering polymer vector, a therapeutic cargo protein 
saporin, and a bone-targeting polymer PASP. The protein nanomedicine 
showed a charge reversal property at acidic conditions, and could be 
efficiently internalized into tumor cells to exert the anticancer activity. 
The nanomedicine displayed high binding affinity on hydroxyapatite 
and isolated tibias. Therapeutic results confirmed that the bone-targeted 
protein nanomedicine could inhibit the tumor growth in several bone 
tumor models. The results provide a new therapeutic option for the 
treatment of malignant bone tumors. 
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