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A B S T R A C T

The acidic microenvironments of tumor tissue and cells provide an opportunity for the development of pH-
responsive drug delivery systems in cancer therapy. In this work, we designed a calcium carbonate (CaCO3)-core-
crosslinked nanoparticle of methoxy poly(ethylene glycol)-block-poly(L-glutamic acid) through mineralization
for intracellular delivery of doxorubicin (DOX), referred to as CaNP/DOX. CaNP/DOX exhibited high drug loading
capability, uniform nanoparticle size, and pH-dependent DOX release. In the meantime, the enhanced cell up-
take, superior cytotoxicity toward mouse osteosarcoma K7 cells, extended circulation half-life, and improved
accumulation of DOX in K7 allograft tumor from CaNP/DOX were also demonstrated. More interestingly, CaNP/
DOX displayed improved antitumor effect and reduced side effects against the K7 osteosarcoma-allografted
mouse model and the 143B orthotopic osteosarcoma mouse model. Given the superior properties of Ca-miner-
alized polypeptide nanoparticle for intracellular drug delivery, the smart drug delivery system showed strong
competitiveness in clinical chemotherapy of cancers.

1. Introduction

Tumors are characterized by the mad growth of internal malformed
blood vessels and severe hypoxia in tissues and cells [1]. In this situa-
tion, tumor cells acquire energy via the glycolysis pathway, which leads
to massive production and accumulation of lactic acid and the forma-
tion of the acidic tumor microenvironment [1,2]. Taking advantage of
this tumor-specific property, researchers have developed diverse pH-
responsive drug delivery systems based on organic, inorganic, or hybrid
nanomaterials to improve the delivery of antitumor drugs in the tumor
site with the enhanced efficacy and reduced systemic toxicity [3].

Polymer nanocarriers, as a typical kind of organic nanomaterials,
play a vital role in tumor-targeted drug delivery, owing to their unique
properties, such as excellent biocompatibility, various chemical struc-
tures and functions, and facile modification [4]. Generally, there are
mainly two kinds of tumor acidity-sensitive drug delivery nanoplat-
forms prepared from polymers with exposed proto-
natable−deprotonizable groups [5] or pH-trigged linkages [6]. The

protonatable groups in the acidic tumor microenvironments include
amino [7], imidazolyl [8], sulfonamide [9], and carboxyl groups [10].
The protonation of the functional groups induces the swelling or
shrinking of nanocarriers and accelerates the payload release when
exposed to the acidic intratumoral or intracellular medium [11]. The
acid-labile chemical bonds, such as vinyl ether [12], benzoic imine
[13], β-carboxylic amides [14], and acetal bond [15], are cleaved in the
acidic microenvironments of the tumor tissue or cells and promoting
the release of loaded drugs.

The pH-sensitive inorganic nanomaterials have also been widely
studied as controlled drug delivery vehicles to the tumor tissue or cells,
including calcium phosphate (CaP) [16] and calcium carbonate
(CaCO3) [17], because of their superior property of acidity-triggered
disintegration. More recently, the hybrid nanomaterials combining or-
ganic and inorganic components have received increasing attention as
benefit their combination advantages [18]. For example, Mao et al.
prepared CaCO3-crosslinked methoxy poly(ethylene glycol)-block-poly
(L-glutamic acid) (mPEG-b-PGA) micelle for delivery of macrophage
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colony-stimulating factor, which showed significant antitumor effect
through the immune pathway [19]. Xie and colleagues developed a
composite nanoparticle of PEG-grafted carboxymethyl chitosan and
CaP by nanoprecipitation and nanomineralization, enabling siRNA to
be transported safely in vivo and silencing tumor-promoting gene ef-
fectively [20]. In addition, Ding and coworkers developed the doxor-
ubicin (DOX)-loaded hyaluronate-CaCO3 hybrid nanoparticle using a
“green” method, which proved to be capable of rapidly releasing DOX
in the acidic tumor microenvironment and exhibited excellent anti-
tumor efficacy [21].

Among diverse hybrid nanomaterials, the organic−inorganic hy-
brid nanoparticles based on the CaP/CaCO3 mineralization of various
polymers have unique advantages as follows: (1) The nanoparticles are
small in size, well dispersed in the median, and have the ability to
deliver both hydrophilic and hydrophobic drugs [22]; (2) The nano-
platforms are stable at physiological pH and sensitive to the acidic
microenvironments of tumor tissue and cells, decomposing to Ca2+ and
carbon dioxide (CO2) in acidic environments and alleviating the local
acidic conditions simultaneously [23]; (3) The nanosystems exhibit
outstanding biocompatibility and biodegradability, which are excreted
easily from the human body [24].

In this work, a Ca-mineralized mPEG-b-PGA nanoparticle (CaNP/
DOX) with high loading efficiency and uniform size was developed to
controlled release DOX in response to low pH in the cancer cells, as
shown in Scheme 1. The physicochemical properties, cell internaliza-
tion and toxicity, and metabolism and tumor inhibition in vivo of CaNP/
DOX were characterized, and the results demonstrated its great pro-
mising in osteosarcoma chemotherapy.

2. Materials and methods

2.1. Materials

mPEG (number-average molecular weight (Mn) = 5,000 Da) was
purchased from Sigma-Aldrich (Shanghai, P. R. China). The amino-
terminated mPEG (mPEG-NH2) and γ-benzyl-L-glutamate N-carbox-
yanhydride (BLG NCA) were synthesized on the basis of our previous
work [25]. Doxorubicin hydrochloride (DOX·HCl) was purchased from
Beijing Huafeng United Technology Co., Ltd. (Beijing, P. R. China).
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum
(FBS) were bought from Gibco (Grand Island, NY, USA). Methyl thia-
zolyl tetrazolium (MTT), 4′,6-diamidino-2-phenylindole (DAPI), and
fluorescein isothiocyanate (FITC) were purchased from Sigma-Aldrich
(Shanghai, P. R. China). Ki-67 and p53 antibodies were purchased from
Abcam Company (Cambridge, UK). The purified deionized water was
prepared by the Milli-Q plus system (Millipore Co., Billerica, MA, USA).

All the other solvents and reagents were sourced from Sigma-Aldrich
(Shanghai, P. R. China).

2.2. Preparation of NP/DOX and CaNP/DOX

mPEG-b-PGA was synthesized according to our previous reports
[26]. A dialysis technique made NP/DOX. In detail, thoroughly mix
mPEG-b-PGA (100.0 mg) was thoroughly dissolved in 4.0 mL of deio-
nized water at pH 8.0. Next DOX solution (10.0 mg, 2.0 mL) was added,
and, the mixed solution was stirred under dark condition for 12 h.
Unloaded drugs were excluded by the dialysis technique (molecular
weight cut-off (MWCO) = 3,500 Da) for one day. NP/DOX was gained
by lyophilization in a condition without light.

CaNP/DOX was prepared based on CaCO3 mineralization of the core
of mPEG-b-PGA micelle [27]. Concretely, mPEG-b-PGA (100.0 mg) was
dissolved in deionized water (4.0 mL) for 1 h. The pH of the obtained
liquid was maintained at 8.0. Then, 2.0 mL of calcium nitrate (Ca
(NO3)2) aqueous solution (17.03 mg, 0.73 mmol) was added with
stirred ceaselessly (800 rpm) for 2 h. It was then mixed with DOX so-
lution (10.0 mg, 2.0 mL) in darkness and kept stirring at 25 °C for 2 h.
After that, 2.0 mL of sodium carbonate (Na2CO3) solution (15.29 mg,
0.73 mmol) was trickled into the mixture. The molar concentration
ratio of [Glu−]/[Ca2+]/[CO3

2−] was determined as 3:1:1. The agita-
tion time of the mixed solution was extended to 12 h. The dialysis
method (MWCO = 7,000 Da) was used in the subsequent operation to
separate the unbound material. The dialysate was replaced every 4 h
until the dialysate was colorless. The sample to be lyophilized was fil-
tered and dispensed into a beaker. After lyophilization, the obtained
final product was CaNP/DOX. The drug loading content (DLC) and drug
loading efficiency (DLE) equations were calculated as our previous
work [21].

2.3. Cell culture

The murine osteosarcoma K7 cell line and the human osteosarcoma
143B cell line were obtained from the American Type Culture
Collection (ATCC; Rockville, MD, USA). K7 cells and 143B cells were
cultured DMEM supplemented with 10% (V/V) fetal bovine serum
(FBS), penicillin (50 IU mL−1), and streptomycin (50 IU mL−1) at 37 °C
in 5% (V/V) carbon dioxide (CO2).

2.4. Flow cytometry and confocal laser scanning microscopy observation

The FITC-marked nanoparticles were carried out to K7 cells.
2 × 105 K7 cells per well were seeded in 6-well plate and incubated for
24 h, and then the original medium was replaced with free DOX, NP/

Scheme 1. Schematic illustration for fabrication, circulation in vivo, intratumoral accumulation, and pH-triggered intracellular drug release of CaNP/DOX.
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DOX, or CaNP/DOX solution in DMEM at a final DOX concentration of
10.0 μg mL−1. The cells in the control group were treated with PBS. For
flow cytometry (FCM) detection, the cells were further cultured at 37 °C
for 2, 6, or 12 h, and then washed three times with PBS. The remaining
cells were suspended in PBS and centrifuged at 1500 rpm for 5 min at
4 °C. The supernatants were removed, and the cells were washed with
PBS for removing the background fluorescence in the medium. The K7
cells were resuspended with 500.0 μL of PBS. Data were analyzed by a
flow cytometer (FCM Beckman, California, USA). For confocal laser
scanning microscopy (CLSM) assay, after being incubated with DOX,
NP/DOX, or CaNP/DOX for 2, 6, or 12 h, the cells were washed and
fixed with 4% (W/V) formaldehyde for 30 min at room temperature.
And then, the cell nucleus was stained with DAPI (blue) for 3 min. The
cell localization was visualized under an LSM 780 CLSM (Carl Zeiss,
Jena, Germany) with 10× eyepieces and 20× objectives.

2.5. Establishment of orthotopic osteosarcoma model

4-week-old female BALB/c nude mice were purchased from the
Charles River Laboratories (Beijing, China). All animals were kept fol-
lowing the Guide for the Care and Use of Laboratory Animals, and all
experiments about the animals were permitted by the Animal Care and
Use Committee of Jilin University. To establish an orthotopic osteo-
sarcoma model, 20.0 μL of cell suspension containing 2.0 × 106 143B
cells was injected into the right tibial bone marrow cavity of mouse.
The first treatment was implemented when the volume of the tumor
region was approaching 200 mm3. Free DOX, NP/DOX, or CaNP/DOX
were injected by tail vein at consistently DOX dose (5.0 mg (kg BW)−1)
on day 0, 4, 8, and 12. The control group was treated with PBS. The
growth of osteosarcoma was recorded until four days after the last
treatment. The volume of the orthotopic osteosarcoma region was
calculated concerning Equation (1).

= × ×V L AP(mm ) 4
3 2

(
2

)3 2
(1)

AP represented the value measured at the apex of the knee joint, and
L represented the value measured along the longitudinal axis of the
tibia.

2.6. Micro-CT scan

The sample of orthotopic osteosarcoma was fixed on a suitable
stage, and the omnidirectional scanning was started after closing the
device door. The rotation speed of the stage was adjusted to 0.6° per
second. After the scan, CTvox software (Bruker Co.) was used for 3D
reconstruction, and bone parameters were analyzed by CTAn software
finally (Bruker Co.).

2.7. Histopathological and immunohistochemical analysis

The mice were sacrificed on the second day after the last
intravenous (i.v.) injection. The tumor and main organs (i.e., the heart,
liver, spleen, lung, and kidney) were separated, fixed in 4% (W/V)
PBS-buffered paraformaldehyde overnight, and then embedded in
paraffin. The paraffin-embedded tissues were cut into slices for hema-
toxylin and eosin (H&E) staining and immunohistochemical analysis
(Ki-67, p53). The histopathological and immunohistochemical changes
were detected by a microscope (Nikon Eclipse Ti, Optical
Apparatus Co., Ardmore, PA, USA) and subsequently analyzed with
ImageJ software (National Institutes of Health, Bethesda,
Maryland).

3. Results and discussion

3.1. Fabrication and characterizations of NP/DOX and CaNP/DOX

mPEG-b-PGA was synthesized by the ring-opening polymerization of
BLG NCA with mPEG-NH2 as a macromolecular initiator and then de-
protection of the benzyl group in trifluoroacetic acid. The chemical
structure was confirmed by proton nuclear magnetic resonance (1H
NMR) spectrum. As shown in Supplementary Fig. S1, the peaks of 3.74
(a) and 4.67 (b) ppm were attributed to the mPEG backbone
(−CH2CH2−) and –C(O)CH(CH2−)NH− of PGA, respectively. Peaks
of 2.00–2.14 (c) and 2.49 (d) ppm represented −(C(O))
(NH)CHCH2CH2C(O)− and −(C(O))(NH)CHCH2CH2C(O)− on the GA
side chain.

For NP/DOX, DOX was loaded into the polymer core through
electrostatic interaction between the carboxyl group of the PGA seg-
ment and the amino group in DOX. Furthermore, the intermolecular
hydrophobic interaction promoted the formation of NP/DOX with a
PEG shell. The DLC and DLE of NP/DOX were 11.9 and 47.6 wt%, re-
spectively.

CaNP/DOX was prepared by the CaCO3 mineralization of the core of
mPEG-b-PGA micelle. The negatively charged PGA segment was in
favor of Ca-mineralization because of the electrostatic interaction be-
tween Ca2+ and anionic GA moiety [28]. Then CO3

2− was added to
induce multilayer ionic supersaturating around PGA segment, trig-
gering the formation of CaCO3 mineral by accumulation of mineralized
species [21]. The PEG segment served as a hydrophilic shell to enhance
colloidal stability and protect the hydrophobic drug during the blood
circulation. For the ideal formation of Ca-mineralized mPEG-b-PGA
nanoparticle, the molar ratio of Glu−:Ca2+:CO3

2− was controlled to be
3:1:1, and in this case, the uncontrolled formation of CaCO3 mineral
could be prevented. Then, DOX, a widely used antineoplastic agent, was
loaded into the core of CaNP/DOX. The DLC and DLE of CaNP/DOX were
14.6 and 52.3 wt%, respectively, which were slightly higher compared
with that of NP/DOX due to the mineralization of CaCO3. Subsequently,
3.0 mg CaNP/DOX was dissolved in 10.0 mL deionized water, the Ca2+

concentration in CaNP/DOX was 6.16 ppm by inductively coupled
plasma mass spectrometry assay (ICP-MS, Xseries II, Thermo Scientific,
USA). Thus, the proportion of calcium in CaNP/DOX was 2.05 wt %,
which proved the successful preparation of Ca-mineralized nano-
particle.

The morphologies of NP/DOX and CaNP/DOX were studied by
transmission electron microscopy (TEM). Both NP/DOX and CaNP/DOX
were spherical, with average diameters of 124.4 ± 7.9 and
150.3 ± 8.6 nm, respectively (Fig. 1A − B). The mean hydrodynamic
radii (Rhs) of NP/DOX and CaNP/DOX were detected to be 80.1 ± 4.4
and 103.0 ± 7.5 nm in phosphate-buffered saline (PBS) by dynamic
light scattering (DLS), respectively (Fig. 1C). CaNP/DOX had a larger
size than NP/DOX because of the presence of CaCO3 mineral in CaNP/
DOX.

3.2. In vitro release of CaNP/DOX

The in vitro drug release behaviors of CaNP/DOX were evaluated in
PBS of pH 7.4 (physiologic conditions), pH 6.8 (intratumoral micro-
environment), and pH 5.5 (intracellular microenvironment). As shown
in Fig. 1D, CaNP/DOX released only 24.1% of loaded DOX at pH 7.4
after 72 h. On the contrary, 76.2% and 47.2% of DOX were released
from CaNP/DOX at pH 5.5 and 6.8, respectively, which is related to the
decomposition of CaCO3 mineral in acidic conditions. This pH-triggered
CaNP/DOX platform was demonstrated promising application for clin-
ical osteosarcoma chemotherapy.

3.3. In vitro cell internalization and proliferation inhibition

Cell uptake of DOX-loaded nanoparticles was a prerequisite for
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intracellular DOX delivery. The FITC-labeled nanoparticle (NP-FITC)
was used to observe the internalization of NP-FITC/DOX, CaNP-FITC/
DOX, and free DOX by FCM and CLSM against K7 cells.

FCM was utilized to measure the cell uptake through the semi-
quantitative calculation of relative geometrical mean fluorescence in-
tensity (GMFI) [29,30]. Fig. 2A − B showed cell internalization of
various DOX formulations at different times, and the DOX concentra-
tion was set at 10.0 μg mL−1. After 2 h, the DOX uptake was highest in
the free DOX group compared with the other two groups. The higher
cell uptake of free DOX was achieved via a diffusion approach. Cell
endocytosis induced the cell uptake of nanoparticles in a short-term
incubation, which was related to the sizes. At 6 h, the intracellular
accumulation of DOX in the NP-FITC/DOX and CaNP-FITC/DOX groups
gradually increased. This result indicated that more drug-loaded na-
noparticles released DOX with increased time. The order of cell uptake
of DOX at 12 h was changed to CaNP-FITC/DOX > NP-FITC/
DOX > free DOX, which should be attributed to intracellular acidity-
responsive DOX release by the mineralization of CaCO3. The FITC
fluorescence intensity of drug-loaded nanoparticles was also assayed by
FCM (Fig. 2C − D). The uptake of NP-FITC/DOX was superior to CaNP-
FITC/DOX at 2 h because the diameter of NP-FITC/DOX was smaller
than that of CaNP-FITC/DOX, which promoted the cell endocytosis of
NP-FITC/DOX. With the prolongation of time, the cell uptake of CaNP-
FITC/DOX was gradually increased while NP-FITC/DOX did not show
significant uptake at 6 h. Interestingly, the uptake of CaNP-FITC/DOX
was higher than NP-FITC/DOX at 12 h. The results indicated that CaNP-
FITC/DOX exhibited superiority for cell uptake in a long-term incuba-
tion, which should be attributed to intracellular acidity-responsive

sustained DOX release by the mineralization of CaCO3.
For the CLSM assay, three DOX formulations were incubated with

K7 cells to evaluate the intracellular release of DOX. After fixed time
incubation, the K7 cell nuclei were stained with DAPI (blue). CLSM
observed the fluorescent images of cells with visualized red fluores-
cence of released DOX, and the results were consistent with those of
FCM, as shown in Supplementary Fig. S2.

After 2 h co-incubation, the DOX was found to accumulate in the
cytoplasm and nucleus. Compared with free DOX and NP-FITC/DOX,
CaNP-FITC/DOX showed weaker red fluorescence in the nucleus (Fig.
S2A, Supplementary data). The results should be attributed to the slow
DOX release from CaNP-FITC/DOX compared with the non-mineralized
one. With the extension of time, the sustained DOX release from NP-
FITC/DOX and CaNP-FITC/DOX was confirmed by the enhanced DOX
fluorescence intensity at 6 h (Fig. S2B, Supplementary data). However,
for a long-term incubation period, e.g., 12 h, much more DOX had been
released from CaNP-FITC/DOX than that from NP-FITC/DOX into the
perinucleus and nucleus regions of cells (Fig. S2C, Supplementary data).
The effective cell uptake in the long-term and the intracellular selective
DOX release of CaNP-FITC/DOX prompted the applications in cancer
therapy.

The cytotoxicity of NP/DOX and CaNP/DOX on osteosarcoma cells
was evaluated in vitro by MTT assay. From Fig. 2E, NP/DOX and CaNP/
DOX with DOX concentrations from 0.08 to 5.0 μg mL−1 exhibited
obvious inhibition efficacy toward the proliferation of K7 cells com-
pared to free DOX at 48 h. The half-maximal inhibitory concentration
(IC50) can be precisely calculated as a quantitative index of inhibition
efficacy [31]. The IC50 of free DOX, NP/DOX, and CaNP/DOX were 0.25,

Fig. 1. Solution properties of NP/DOX and CaNP/DOX. (A, B) Typical TEM microimages of NP/DOX and CaNP/DOX. (C) Rhs of NP/DOX and CaNP/DOX. (D) Time-
and pH-dependent DOX release behaviors of CaNP/DOX in PBS at pH 5.5, 6.8, and 7.4, 37 °C.
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0.17, and 0.15 μg mL−1 after 48 h of incubation, respectively (Fig. 2F).
Compared with NP/DOX and CaNP/DOX, the minimum proliferation
inhibition of free DOX was attributed to the quick effluxion of free DOX

from osteosarcoma cells. Compared with NP/DOX, the significantly pH-
responsive DOX release endowed CaNP/DOX with obviously decreased
IC50.

Fig. 2. Cell uptake and cytotoxicity.(A,C) FCM profiles of (A) DOX and (C) NP-FITC fluorescence intensity toward K7 cells incubated with PBS, free DOX, NP-FITC/
DOX, or CaNP-FITC/DOX. (B,D) The Relative GMFIs for (B) DOX and (D) NP-FITC. (E) In vitro inhibition efficacies and (F) IC50s of free DOX, NP/DOX, and CaNP/DOX
against K7 cells after incubation for 48 h at pH 7.4. Data are presented as mean ± standard deviation (SD; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001).
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3.4. In vivo pharmacokinetics and biodistribution

The plasma pharmacokinetic curves of free DOX, NP/DOX, and
CaNP/DOX were assessed by high-performance liquid chromatography
(HPLC). From Fig. 3A, the disappearance of three DOX formulations in
blood circulation displayed in a double exponential manner. After i.v.
injection, the DOX concentration of the three groups in the plasma
gradually decreased. To be specific, the maximum concentrations
(Cmax) of the free DOX, NP/DOX, and CaNP/DOX groups were 5.0, 7.5,
and 10.2 mg mL−1, separately. By calculating the proportion from 0 to
the end time (AUC0-t) in concentration-time curve, the result showed
that free DOX (4.4 h mg mL−1) < NP/DOX (12.1 h mg
mL)−1) < CaNP/DOX (26.6 h mg mL−1). In the CaNP/DOX group, the
slowest decrease of DOX level in the blood and a significant increase in
systemic circulation time compared to those of the other two groups
were observed, which is likely because the mineralization of CaCO3

increased the stability of the nanoparticles and inhibited DOX leakage
during in vivo circulation.

The ex vivo biodistribution was investigated to further assess the
drug efficacy and side effects of DOX-loaded nanoparticles. Fig. 3B
showed a fluorescent image of ex vivo osteosarcoma and major organs
at 2 and 6 h after i.v. injection of different DOX formulations. As shown
in Fig. 3C − D, the average signals of organs and tumors were semi-
quantitatively analyzed. After i.v. injection 2 h, the free DOX showed
considerable fluorescence signals in the liver and lung, demonstrating
that it was mostly caught and metabolized in these two organs. CaNP/
DOX exhibited the lowest DOX fluorescence signal in the lung and
kidney, and highest signal in the tumor. The results were related to the
enhanced permeability and retention effect of CaNP/DOX, as well as the
pH-triggered DOX release at the intratumoral microenvironment. With
the prolongation of treatment time to 6 h, DOX fluorescence signals in
the tumor of free DOX group reduced to a minimum. However, the

intratumoral DOX fluorescence signals in the CaNP/DOX group rose to a
maximum, benefitting from the contribution of CaCO3 mineralization.

3.5. In vivo antitumor efficacy and security

The antitumor efficacy was investigated on the K7 osteosarcoma-
allografted model. When the size of osteosarcoma was about 50 mm3,
the mice were treated with free DOX, NP/DOX, or CaNP/DOX at the
5.0 mg (kg BW)−1 equivalent DOX dose. Then the control group was
given the equal volume of PBS. The tumor volume and weight were
accurately measured at the fixed time interval.

From Fig. 4A, tumor volume of the PBS group grew faster than that
in the other groups, was about 1148.4 ± 102.1 mm3 when the ex-
periment was completed. The progression of osteosarcoma was blocked
in all groups except for the control one. The order of antitumor efficacy
was CaNP/DOX > NP/DOX > free DOX. The tumor suppression rate of
free DOX, NP/DOX, and CaNP/DOX after all treatments were 54.7%,
67.1%, and 79.8%, respectively (Fig. 4B). CaNP/DOX exhibited the
greatest antitumor efficacy attributed to the selective DOX release and
suitable particle size. The images and weights of tumors were shown in
Fig. 4C − D, which visually and quantitatively confirmed the antitumor
efficacy. The CaNP/DOX group had the strongest inhibitory effect on
tumor growth, resulting from excellent selective DOX release in the
intratumoral acidic microenvironment.

To evaluate the toxicity caused by DOX, the weight losses in all
treatment groups were investigated. From Supplementary Fig. S3, the
mouse lost 26% weight within 16 days after the i.v. injection of free
DOX. However, the loss of body weight in the other groups was not
noticeable. The slight weight loss of the NP/DOX, CaNP/DOX, and
control groups may be attributed to the satisfied tumor-derived dis-
turbed appetite [32]. Therefore, CaNP/DOX exhibited effective tumor
growth inhibition and low systemic toxicity, indicating that it was a

Fig. 3. Pharmacokinetics and biodistribution of DOX formulations in vivo. (A) In vivo DOX pharmacokinetics after i.v. injection of free DOX, NP/DOX, or CaNP/DOX in
to Sprague-Dawley rat. (B) DOX fluorescent images representing tissue distribution of DOX. (C, D) Average semiquantitative signals of major organs and tumor after
i.v. injection to K7 osteosarcoma-allografted BALB/c mouse for (C) 2 or (D) 6 h. Data are presented as mean ± SD (n = 3; *P < 0.05, ***P < 0.001).
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potential preparation for osteosarcoma therapy.
To adequately detect the safety of NP/DOX and CaNP/DOX in os-

teosarcoma treatment, pathological analysis of mouse hearts at the end
of the study was performed. As shown in Supplementary Fig. S4,
myocardial fiber rupture, edema, and apoptosis of cardiomyocytes oc-
curred after the injection of free DOX. Myocardial damage was reduced
after the injection of NP/DOX and CaNP/DOX. However, the cardiac
tissue lesions in the CaNP/DOX group were the lightest compared to the
other groups, which indicated that CaNP/DOX exhibited significantly
decreased DOX-induced toxicity to healthy tissue and could provide a
safe clinical osteosarcoma treatment.

In vivo antitumor efficacies of various DOX formulations were then in-
vestigated on the 143B orthotopic osteosarcoma mouse model. Compared
with the other groups, the CaNP/DOX group showed the best antitumor
efficacy. After sacrifice, the tumor region volumes of NP/DOX, free DOX,
and control were 329.7 ± 44.7, 417.5 ± 37.7, and 635.7 ± 36.5 mm3,
respectively (Fig. 5A). However, the tumor region volume of CaNP/DOX
group was 292.6 ± 7.8 mm3, which was significantly smaller than that in
the other three groups (Fig. 5B). The mouse tibiofibular osteosarcoma was
removed and analyzed by micro-CT scan and 3D reconstruction. As shown
in Fig. 5C, the 3D reconstructed images showed that the proximal tibia and
distal femur of the control group had the most apparent bone destruction.
However, in the CaNP/DOX group, mild bone destruction was observed,
indicating that CaNP/DOX could significantly reduce bone destruction of
osteosarcoma comparing with the other groups. The site of bone destruction
in the 3D reconstructed image was considered to be the regions of interest
(ROIs), and CTAn software is used to analyze the bone volume/tissue vo-
lume (BV/TV) and the trabecular number (Tb. N) (Fig. 5D− E). For BV/TV,
the CaNP/DOX group was about 3.80, 2.34, and 1.51 times higher than that
in control, free DOX, and NP/DOX groups, respectively. The Tb. N in the

CaNP/DOX group was highest in all groups, indicating the its tremendous
potential in inhibition of bone destruction.

To further investigate the antitumor effect, the tibiofibular osteosarcoma
of mouse was removed for decalcification. Decalcification was complete
when the needle passes easily through the bone and then sectioned for
histopathological and immunofluorometric analysis. As shown by the H&E
staining image (Fig. 6A), the area circled by the red line was the detected
tumor tissue. The tumor infiltration area of CaNP/DOX group was sig-
nificantly smaller than the other groups. Ki-67 and p53 were detected by
immunohistochemistry to assess the proliferation and apoptosis of osteo-
sarcoma cells, respectively. The expression of Ki-67 was minimal in the
CaNP/DOX group, indicating the osteosarcoma grew slowest after treatment
(Fig. 6B). The appearance of p53 represents cell death or perpetual sup-
pression of cell growth [33]. The CaNP/DOX group had the most vigorous
fluorescence intensity of p53, which indicated that CaNP/DOX caused the
most severe apoptosis in the tissue of osteosarcoma (Fig. 6C). Then the
immunofluorescent images were semi-quantitatively analyzed, and the
signal of Ki-67 in the control group were 2.17, 4.76, and 16.65 times of
those of the free DOX, NP/DOX, and CaNP/DOX groups, respectively
(Fig. 6D). Moreover, the signal of p53 in the CaNP/DOX group was 4.34
times higher than that of the free DOX group (Fig. 6E). According to the
above data, it can be proved that CaNP/DOX exhibited more effective
treatment of osteosarcoma.

Moreover, to further investigate the in vivo safety, the body weight
of 143B osteosarcoma-bearing mouse was also monitored during
treatment (Fig. 7A). The phenomenon of weight loss occurred in all
tumor-bearing mouse during treatment. Mice in the CaNP/DOX and
control groups lost only 6.6% and 3.5% of their body weight over time.
However, free DOX and NP/DOX exhibited 31.3% and 14.2% weight
loss. Free DOX brought severe weight decline because of the adverse

Fig. 4. Tumor inhibition in vivo. (A) Tumor volume and (B) tumor inhibition rate of K7 osteosarcoma-allografted mouse after treatment with PBS, free DOX, NP/DOX,
or CaNP/DOX. Data are presented as mean ± SD (n= 6). (C) Photos and (D) tumor weights of excised tumors after treatment with PBS, free DOX, NP/DOX, or CaNP/
DOX at 15 days post-treatment. Data are presented as mean ± SD (n = 4; *P < 0.05, **P < 0.01, ***P < 0.001).
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reaction. The weight loss after PBS treatment was associated with
tumor-induced cachexia. The survival rate of each group of mouse was
shown in Fig. 7B. Mice injected with NP/DOX and CaNP/DOX revealed
a significantly prolonged survival term, especially for CaNP/DOX. This
result indicated that CaNP/DOX showed excellent performance in re-
ducing systematic toxicity.

In summary, CaNP/DOX exhibited satisfactory antitumor efficacy
and a negligible side effect. All the results indicated that CaNP/DOX is
an excellent potential candidate for osteosarcoma treatment.

4. Conclusion

A Ca-mineralized DOX-loaded polypeptide nanoparticle (CaNP/
DOX) was successfully developed for osteosarcoma chemotherapy.
Relative to free DOX and NP/DOX, CaNP/DOX platform could enhance
tumor accumulation, implement intracellular selective drug release,
upregulate antitumor activity, and improve safety to K7 osteosarcoma-
allografted and 143B orthotopic osteosarcoma mouse model. Therefore,
with efficient drug loading, enhanced tumor accumulation, and reduced

Fig. 5. In vivo antitumor effect and anti-bone destruction effect against 143B osteosarcoma-bearing BALB/c mouse model. (A) Tumor region volumes and (B) photos
of tibial primary osteosarcoma tumors. (C) 3D reconstructed image of tibia performed using micro-CT of 143B osteosarcoma-bearing BALB/c mouse after treatment
with PBS, free DOX, NP/DOX, or CaNP/DOX. (D) Bone volume/total volume (BV/TV) and (E) trabecular number (Tb. N) in the regions of interest (ROI) of mouse.
Data are presented as mean ± SD (n = 4; *P < 0.05, **P < 0.01, ***P < 0.001).
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Fig. 6. Inhibition of tumor growth toward 143B osteosarcoma-bearing BALB/c mouse model. (A) Histopathological (H&E) analysis of tumor from 143B orthotopic
osteosarcoma mouse after treatment with PBS, free DOX, NP/DOX, or CaNP/DOX. (B, C) Immunofluorometric analysis (Ki-67, p53) of tumor sections from 143B
orthotopic osteosarcoma mouse after treatment with PBS, free DOX, NP/DOX, or CaNP/DOX. (D, E) Relative Ki-67 and p53 positive areas of tumor sections. Data are
presented as mean ± SD (n = 4; *P < 0.05, **P < 0.01, ***P < 0.001).
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side effect, CaNP/DOX offers a potential antitumor drug delivery plat-
form for osteosarcoma therapy.
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