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 ABSTRACT 

Osteosarcoma is the most common malignancy in the bone. Current chemotherapy

offers limited efficacy with significant side effects, especially for advanced and

relapsed osteosarcomas. Nanoparticle-formulated chemotherapeutic drugs may 

be used to resolve these issues, but several aspects of these formulations remain

unsatisfactory, such as how to improve their stability in the bloodstream, prevent 

undesirable drug leakage, and enhance targeted drug accumulation in the tumor. 

In this study, a tumor microenvironment-responsive calcium carbonate (CaCO3)-

crosslinked hyaluronate (HA) nanoparticle was prepared via a “green” process

to effectively deliver doxorubicin (DOX) for the treatment of various stages of

osteosarcoma. The DOX-loaded hyaluronate-calcium carbonate hybrid nanoparticle

(HA-DOX/CaCO3) demonstrated superior stability both in vitro and in vivo, and 

rapidly released DOX at the tumor site when triggered by the acidic tumor

microenvironment. Compared with free DOX and a non-crosslinked nanoparticle

(HA-DOX), HA-DOX/CaCO3 exhibited the most potent inhibition efficacy toward

both primary and advanced models of murine osteosarcoma, resulting in effective

tumor inhibition, improved survival time, and reduced adverse effects. Most importantly, 

in the advanced osteosarcoma model, HA-DOX/CaCO3 potently suppressed tumor 

growth by 84.6%, which indicates the potential of this platform for osteosarcoma 

treatment, particularly for advanced and relapsed cases. The proposed polysaccharide

nanoparticle would be a promising drug delivery platform to advance osteosarcoma 

nanomedicine. 
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1 Introduction 

Osteosarcoma is the most common bone malignancy 

in children and young adults, and owing to its high 

heterogeneity, patients usually suffer from disease recurrence, 

early systemic metastasis, and poor quality of life [1–3]. 

Although chemotherapy significantly improves the 

outcomes of patients with localized osteosarcoma, the 

treatments for advanced, relapsed, and metastatic 

osteosarcomas remain unsatisfactory, and the five-year 

survival rate of these patients has remained unchanged 

in the past few decades [4]. Furthermore, conventional 

chemotherapy is always accompanied by significant 

side effects, such as hypersensitivities, gastrointestinal 

toxicity, and myelosuppression, which may hinder its 

translation [5–7]. The limited therapeutic efficacy and 

serious side effects of conventional chemotherapeutic 

drugs might be attributable to their intrinsic limitations, 

such as poor water solubility, short blood circulation 

time, insufficient tumor accumulation, and uncontrolled 

drug release. As a result, there is a clear need to design 

a superior and more efficient drug formulation for 

osteosarcoma therapy. 

In the past decade, with the development of 

nanotechnology and material science, more nanoparticle- 

formulated drug delivery systems have emerged for 

cancer nanomedicine to tackle the aforementioned obstacles 

[8–11]. These advanced systems, such as carbon nanotubes 

[12, 13], liposomes [14], polymer nanoparticles, and 

nanogels [15–18], demonstrate numerous benefits, 

including better control of drug release, improved 

bioavailability, prolonged circulation half-life, enhanced 

permeation and retention (EPR), and reduced toxicity- 

related side effects. Hence, it is believed that these 

nanoparticle-formulated drug delivery platforms may 

have superior performance to improve the therapeutic 

outcome against cancer. However, there are still many 

barriers that limit the translation of these nanomedicine 

systems. For example, for these drug-loaded nanoparticles, 

their stability in the blood circulation and their abilities 

of targeted drug release are two major issues influencing 

their antitumor efficacies and side effects [19]. Insufficient 

stability of drug-loaded nanoparticles may result in 

significant drug leakage in the blood circulation to induce 

undesirable, serious side effects. Moreover, to enhance 

therapeutic effects, the nanoparticles need to possess 

superior abilities of targeted drug release so that the 

chemotherapy drugs could be delivered to the tumor 

site. To deal with these two major obstacles, a series 

of nanoparticles, including in situ crosslinking and 

stimuli-responsiveness, has been developed and reported 

[19, 20]. Although a few nanoparticle-formulated drug 

delivery platforms have been reported to tackle these 

issues, there is still room to further improve the efficacy. 

For instance, for most of the reported platforms, their 

poor size uniformities, low drug-loading contents, and 

usage of toxic organic solvents may decrease their 

performance in cancer treatment. 

Calcium compounds, such as calcium phosphate 

(Ca3(PO4)2) and calcium carbonate (CaCO3), have received 

increasing attention for nanomedicine applications because 

of their excellent biocompatibility and biodegradability 

[21–24]. Furthermore, it has been demonstrated that 

calcium crosslinking or mineralization of polymer 

micelles could enhance the stability of nanoparticles 

[25–27] and make the nanoparticles sensitive to the 

acidic tumor microenvironment [28–30]. 

Herein, aiming to overcome the aforementioned 

obstacles on drug delivery, a pH-sensitive hyaluronate 

(HA) nanoparticle was designed to deliver doxorubicin 

(DOX) by introducing CaCO3 as a crosslinker for the 

treatment of various stages of osteosarcoma. Compared 

to the widely used synthetic polymers, HA, as a natural 

polysaccharide, offers better security for in vivo studies 

with potential for clinical translation owing to its 

excellent biocompatibility and biodegradability [24, 31, 

32]. DOX is one of the most widely used antitumor 

drugs in clinical settings, and has revealed excellent 

antitumor effects for a wide range of malignant tumors 

[33, 34]. Additionally, DOX possesses stable fluorescence 

performance, making it a favorable probe for real-time 

tracing and quantitative analysis [35–37]. The synthetic 

process of the DOX-loaded nanoparticle (designated 

HA-DOX/CaCO3) is presented in Scheme 1. In brief, an 

aqueous DOX solution was added to an HA solution 

under stirring to generate HA-DOX nanoparticle 

based on electrostatic interactions between cationic 

DOX and the anionic carboxyl moieties of HA. 

Subsequently, Ca2+ solution was added to the above 

solution, and then an aqueous solution of CO3
2− was 

added drop-wise to induce ionic supersaturation, 

triggering the development of CaCO3 crosslinking 

[28]. Through effective crosslinking, HA-DOX/CaCO3  
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may possess enhanced stability in the blood circulation 

due to its more compact structure with the HA shell 

and CaCO3 core. Moreover, owing to the acid-responsive 

CaCO3 core, HA-DOX/CaCO3 would exhibit sensitive 

pH-responsiveness to the decreased pH from the 

physiological condition (pH 7.4) to the tumor 

microenvironment (pH 6.8) or intracellular endosomal/ 

lysosomal condition (pH 5.5) [38, 39]. Taking these 

two advantages into consideration, HA-DOX/CaCO3 

may have the capability of increasing the circulation 

time and improving tissue penetrability, thereby facilitating 

cancer cell uptake and the intracellular release of 

DOX. Based on this presupposition, HA-DOX/CaCO3 

was believed to display superior antitumor efficiency 

in a K7 osteosarcoma-allografted BALB/c mouse model 

as well as in the advanced-stage model. To verify the 

hypothesis, the drug release, cell internalization, cytotoxicity, 

in vitro hemolysis, pharmacokinetic profile, biodistribution, 

in vivo antitumor efficacy, and safety of HA-DOX/CaCO3 

were systematically investigated. To guarantee the 

stringency of this study, the non-crosslinked DOX-loaded 

HA nanoparticle (HA-DOX) was synthesized as a 

control and evaluated along with HA-DOX/CaCO3 

for all experiments. 

2 Results and discussion 

2.1 Preparation and characterization of CaCO3- 

crosslinked, DOX-loaded HA nanoparticles 

HA is a biocompatible, biodegradable, and non-toxic 

polysaccharide, which has been widely used for drug 

delivery [40]. In this study, HA was first utilized to 

interact with DOX via electrostatic adsorption owing 

to its carboxyl groups on the side chain. After loading 

with DOX to form an HA-DOX complex (HA-DOX), 

Ca2+ and CO3
2− were subsequently introduced to 

complete the in situ crosslinking and to obtain HA- 

DOX/CaCO3 (Scheme 1). All syntheses were performed 

in aqueous medium, indicating no potential deleterious 

effects caused by the introduction of toxic reagents or 

organic solvents [41]. As shown in Figs. 1(a) and 1(d), 

the hydrodynamic radii (Rhs) of HA-DOX and HA- 

DOX/CaCO3 were 58.8 and 88.5 nm, respectively. Both 

drug-loaded complexes were under the size criteria 

of the EPR effect (~ 100 nm), indicating their potential 

for passive drug delivery [42]. Furthermore, the results 

were consistent with the transmission electron microscope 

(TEM) results, which further confirmed the particle sizes 

 

 
 

Scheme 1 Schematic illustration for preparation, intravenous injection, in vivo circulation, selective accumulation in tumor tissue, and 
pH-triggered intracellular drug release of HA-DOX/CaCO3. 
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of HA-DOX and HA-DOX/CaCO3 (Figs. 1(b) and 1(e)). 

To confirm the CaCO3 crosslinking, the elementary 

compositions of HA-DOX and HA-DOX/CaCO3 were 

verified using energy-dispersive X-ray (EDX) spectroscopy. 

The EDX spectrum of HA-DOX/CaCO3 revealed strong 

signal energy peaks in the range of 3.62−3.78 keV, 

characteristic of Ca, indicating formation of the CaCO3 

core for in situ crosslinking (Figs. 1(c) and (f)). In addition, 

as presented in Fig. S2 in the Electronic Supplementary 

Material (ESM), the zeta potentials of HA-DOX and 

HA-DOX/CaCO3 were slightly negative (−8.7 ± 0.7 and 

−2.2 ± 0.5 mV, respectively) under the physiological 

condition, implying good dispersion stability, because 

of lower potential of non-specific interactions with 

serum proteins. This could prolong their circulation 

time in the bloodstream and potentially facilitate tumor 

accumulation [43, 44]. 

To verify if the CaCO3 crosslinking could enhance 

the stability of the nanoparticles, the size changes of 

the drug-loaded nanoparticles with and without CaCO3 

were measured in bovine serum albumin (BSA) solution 

(30.0 mg·mL−1) for 48 h (Fig. S1(a) in the ESM). HA-DOX 

obviously aggregated during incubation with BSA 

protein, while no notable size increase was observed 

for HA-DOX/CaCO3. Quantitatively, after 48-h incubation, 

the size of HA-DOX increased by 2.2 times. However, 

for HA-DOX/CaCO3, its size only increased by less 

than 9%, demonstrating the enhanced stability of HA- 

DOX/CaCO3. The enhanced stability of HA-DOX/CaCO3 

was further confirmed in 10% fetal bovine serum (FBS). 

As shown in Fig. S1(b) in the ESM, there was no significant 

change in the size distribution of HA-DOX/CaCO3, 

within 48-h incubation, but HA-DOX was much larger. 

The results are consistent with those observed in the 

BSA solution (Fig. S1(a) in the ESM), confirming the 

enhanced stability after CaCO3 crosslinking. The 

pH-responsiveness of HA-DOX and HA-DOX/CaCO3 

was then confirmed by monitoring the size changes 

in phosphate-buffered saline (PBS) under different 

pH conditions (pH 7.4, 6.8, and 5.5). As shown in Figs. 1(g) 

and 1(h), HA-DOX and HA-DOX/CaCO3 exhibited 

similar trends in size changes under the same condition 

(pH 5.5 > pH 6.8 > pH 7.4), indicating that DOX 

encapsulation and the CaCO3 crosslinking did not 

affect the pH sensitivity. However, under the neutral 

condition (pH 7.4), the size change of HA-DOX/CaCO3 

was less than that of HA-DOX during the 48-h incubation 

period. The enhanced stability and higher stimuli-response 

sensitivity are likely conferred by the CaCO3 crosslinking, 

and the results demonstrate its potential for drug delivery 

as it was highly stable in the normal physiological 

condition and would go through rapid swelling as 

well as drug release once the nanoparticle reached an 

acidic microenvironment, especially inside the tumor 

tissue or endosomal compartment. 

2.2 In vitro drug release and inhibition of cell 

proliferation 

The DOX release profiles from HA-DOX and HA-DOX/ 

CaCO3 were next evaluated under different pH conditions. 

As shown in Fig. 1(j), HA-DOX/CaCO3 showed a delayed 

release of DOX at pH 7.4, while the release profile was 

significantly accelerated under acidic pH conditions 

(pH 6.8 and 5.5). At pH 7.4, the cumulative amount 

of released DOX from HA-DOX/CaCO3 was 25.7% ± 

5.1% after 72 h. In contrast, the nanoparticle could 

release 49.0% ± 5.5% and 89.7% ± 6.4% of the DOX at 

pH 6.8 and 5.5, respectively. In other words, compared 

with the neutral condition, the amount of DOX released 

at pH 6.8 and 5.5 was 2.2 and 4.1 times higher, respectively. 

HA-DOX showed similar results at pH 6.8 and 5.5 

(60.5% ± 6.2% and 81.1% ± 6.8%; Fig. 1(i)), which were 

1.4 and 1.9 times higher than the amount detected at 

pH 7.4 (42.5% ± 5.4%). As aforementioned, compared 

with HA-DOX, HA-DOX/CaCO3 was more compact 

at pH 7.4, but was more relaxed under lower pH 

conditions (pH 6.8 and 5.5). 

It should be noted that HA-DOX showed a significant 

initial burst release at all three tested pH conditions 

compared to HA-DOX/CaCO3. This might be due to 

the fact that the structure of HA-DOX was relatively 

unstable, and the CaCO3 crosslinking further enhanced 

the pH sensitivities of the nanoparticles. When decreasing 

the pH from 7.4 to 5.5, a significant boost on DOX 

release was observed, showing again that HA-DOX/CaCO3 

could enhance drug release in the tumor microenvironment 

or intracellularly.  

The cell internalization and intracellular drug release 

of HA-DOX and HA-DOX/CaCO3 were monitored on 

murine osteosarcoma K7 cells using confocal laser 

scanning microscopy (CLSM) and flow cytometry (FCM). 

As shown in Fig. 2(a), after 2-h incubation, the DOX  
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Figure 1 Physicochemical properties and release behaviors of HA-DOX and HA-DOX/CaCO3. (a)−(f) Hydrodynamic radius 
distributions, morphologies, and EDX spectra of (a)−(c) HA-DOX and (d)−(f) HA-DOX/CaCO3. Scale bar: 200 nm. (g) and (h) Rh changes of 
(g) HA-DOX and (h) HA-DOX/CaCO3 in PBS at various pH values vs. time. (i) and (j) Release profiles of DOX from (i) HA-DOX and 
(j) HA-DOX/CaCO3 in PBS at various pH values. All statistical data are represented as mean ± standard deviation (n = 3 for (g)−(j)). 
 
fluorescence in the cells treated with HA-DOX or 

HA-DOX/CaCO3 was lower than that detected with 

free DOX. However, after 6-h incubation, higher DOX 

fluorescence was clearly detected in the cells treated 

with the two DOX-loaded nanoparticles compared with 

that of the free DOX group. This difference might be 

related to their different cell internalization mechanisms. 

As a previous study demonstrated, free DOX enters 

cells by simple diffusion [45], whereas the two types of 

DOX-loaded nanoparticles are taken up by the tumor 

cells via the endocytosis pathway and subsequently 

become ensnared in endosomal/lysosomal compartments, 

which are maintained in an acidic condition. Compared 

with HA-DOX or HA-DOX/CaCO3, the cells treated 
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with free DOX exhibited stronger DOX fluorescence 

after a short incubation time (2 h) on account of a faster 

internalization processing. In addition, due to the 

self-quenching effect, free DOX could have a higher 

fluorescence intensity compared with those of the DOX- 

loaded nanoparticles at the same concentration [46]. 

Nevertheless, within the two nanomedicine groups, similar 

DOX fluorescence intensities could be observed at 2 h, 

while HA-DOX/CaCO3 showed a higher DOX fluorescence 

intensity at 6 h post-treatment because of its enhanced 

stability and better acid-responsive DOX release 

intracellularly. It is worth mentioning that DOX, as an 

anthracycline-based topoisomerase II (TOP2)-inhibitor, 

exhibits its antitumor effects through its ability to 

modify DNA [47–49]. On account of the fast DOX–DNA 

binding, the DOX signal is mainly located in the nuclei 

[50–52]. The intracellular internalization of free DOX, 

HA-DOX, or HA-DOX/CaCO3 was further verified 

by FCM. As shown in Figs. 2(b) and 2(c), the cells 

treated with free DOX displayed the highest fluorescence 

intensity at 2 h. After 6-h incubation, however, the 

fluorescence intensities of DOX were ranked as 

HA-DOX/CaCO3 > HA-DOX > free DOX, which was 

consistent with the trend detected by CLSM. 
 

 
 

Figure 2 Cell uptake and cytotoxicity. (a) CLSM and ((b) and (c)) FCM analyses of K7 cells after incubation with free DOX, 
HA-DOX, and HA-DOX/CaCO3 for (b) 2 h or (c) 6 h. Scale bar: 20.0 μm. (d) In vitro cytotoxicity of HA and HA-CaCO3 against 
K7 cells after incubation for 48 h. (e) and (f) In vitro cytotoxicities of free DOX, HA-DOX, and HA-DOX/CaCO3 to K7 cells after 
incubation for (e) 24 h or (f) 48 h. Data are presented as mean ± standard deviation (n = 3 for (d)–(f); **P < 0.01, ***P < 0.001). 
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The biocompatibility of HA and HA-CaCO3 was 

evaluated on K7 cells using a methyl thiazolyl tetrazolium 

(MTT) assay with the same concentration of HA ranging 

from 1.6 to 200 g·mL−1. After 48 h of incubation, no 

significant inhibition of cell proliferation was observed at 

any of the tested concentrations (Fig. 2(d)), indicating the 

superior biocompatibility of HA and HA-CaCO3 for 

biomedical applications. Subsequently, cell proliferation 

assays were carried out to determine the in vitro 

cytotoxicities of HA-DOX and HA-DOX/CaCO3 against 

K7 cells. As shown in Figs. 2(e) and 2(f), the K7 cell 

proliferation of all groups was inhibited in a dose- 

and time-dependent manner. Compared with free 

DOX and HA-DOX at the same drug concentration, 

HA-DOX/CaCO3 revealed the highest inhibitory effect 

at both 24 and 48 h post-treatment. This was consistent 

with the CLSM and FCM results (Figs. 2(a) and 2(b)). 

As shown in the CLSM and FCM data, HA-DOX/ 

CaCO3 enabled more efficient DOX delivery, and the 

treated cells accumulated higher amounts of DOX, 

which would lead to the enhanced apoptosis of 

cancer cells. Specifically, the half-maximal inhibitory 

concentration (IC50) values of free DOX, HA-DOX, 

and HA-DOX/CaCO3 were 2.6, 1.5, and 0.9 μg·mL−1 at 

24 h, respectively. In other words, HA-DOX/CaCO3 

improved the inhibition of cancer cell proliferation by 

2.9 and 1.7 times compared with free DOX and HA-DOX, 

respectively. Moreover, when prolonging the incubation 

time to 72 h, the IC50 of HA-DOX/CaCO3 was further 

reduced to 0.3 μg·mL−1, which was 5 and 2 times lower 

than the IC50 values of free DOX (1.5 μg·mL−1) and HA- 

DOX (0.6 μg·mL−1). This excellent inhibition performance 

on cell proliferation implied that HA-DOX/CaCO3 might 

have outstanding potential for chemotherapy applications 

and exhibit better antitumor efficacy in vivo. 

2.3 In vivo pharmacokinetics and biodistribution 

Stability in the bloodstream directly affects the efficacy 

of nanomedicine systems; undesired drug dissociation, 

leakage, or unpacking of nanoparticles may reduce 

the efficacy and induce undesired side effects. Thus, 

the prolonged blood circulation and deferred blood 

clearance of nanomedicines are significant for efficient 

drug delivery to the targeted tumor site [53, 54]. In 

our study, the plasma pharmacokinetic profiles of 

free drug and nanomedicines were determined by 

high-performance liquid chromatography analyses. 

As shown in Fig. 3(a), the DOX-loaded nanoparticles, 

especially HA-DOX/CaCO3, exhibited significant 

enhancement in blood circulation time compared with 

free DOX. Specifically, for the HA-DOX/CaCO3 group, the 

maximum concentration (Cmax) of DOX was 4.27 μg·mL−1, 

while those of the HA-DOX and free DOX groups were 

3.37 and 2.60 μg·mL−1, respectively. Furthermore, the 

half-life periods of free DOX, HA-DOX, and HA- 

DOX/CaCO3 were 10.4, 15.1, and 23.5 h, respectively. 

Compared with free DOX, a higher original DOX 

concentration and a slower rate of DOX decay of the 

drug-loaded nanoparticles might be due to the protection 

from drug encapsulation. Benefiting from the enhanced 

stability, HA-DOX/CaCO3 displayed better behavior 

in the blood circulation compared to HA-DOX. Moreover, 

the area under the concentration vs. time curve from 

0 to the final time (AUC0-t) of DOX was 16.7 μg·h−1·mL−1 in 

the HA-DOX/CaCO3 group, which was 1.9 or 5.2 times 

higher than that of the HA-DOX group (8.6 μg·h−1·mL−1) 

or the free DOX group (3.2 μg·h−1·mL−1). The significantly 

improved pharmacokinetics of HA-DOX/CaCO3 might 

be attributed to its superior stability after crosslinking. 

To estimate the biodistribution, ex vivo fluorescence 

imaging of isolated solid tumors and main organs at 

6 and 12 h post-injection was carried out in the K7 

osteosarcoma-bearing BALB/c mice. As shown in Fig. 3(c), 

remarkable DOX fluorescence was observed in the 

liver and kidney of each group at 6 and 12 h post-injection. 

This can be explained by the fact that the liver and 

kidney are two of the main organs responsible for drug 

digestion and metabolism [55, 56]. Due to their nanoparticle 

structures, HA-DOX and HA-DOX/CaCO3 were gradually 

eliminated from the body. Thus, at 6 h, most of the free 

DOX might be eliminated by the kidney, while HA-DOX 

can be in the process of elimination by the kidney at 

that time [57–59]. This might result in different drug 

distributions in the kidney between the free DOX 

group and HA-DOX group. DOX fluorescence in the 

kidney of the group treated with HA-DOX/CaCO3 was 

lower than that of the HA-DOX group at 6 h post-injection. 

The reason could be that the CaCO3 crosslinking enhanced 

the stability in the blood circulation by stabilizing the 

nanoparticle structure. This reduced the amount of 

dissociated DOX from the nanoparticles, which was 

easily drained away from the kidney. When comparing  
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Figure 3 In vivo pharmacokinetics, hemolysis, and biodistribution. (a) In vivo pharmacokinetic profiles of free DOX, HA-DOX, or 
HA-DOX/CaCO3 in mice. (b) Hemolytic activity of HA-DOX/CaCO3. (c) Ex vivo DOX fluorescence images and (d) average signals of 
tumors and organs (the heart, liver, spleen, lung, and kidney) at 6 or 12 h post-injection of free DOX, HA-DOX, or HA-DOX/CaCO3 into K7 
osteosarcoma-allografted BALB/c mice. Data are presented as mean ± standard deviation (n = 3 for (a) and (d); *P < 0.05, **P < 0.01, 
***P < 0.001). 

 
 

 
 

the DOX intensity in tumors within these three groups, 

the mice treated with free DOX showed the lowest 

DOX accumulation, and the HA-DOX/CaCO3 group 

showed a significantly higher DOX intensity than the 

other groups at both 6 h (P < 0.001) and 12 h (P < 0.05) 

post-injection. Both the reduced elimination by the 

kidney and the EPR effect allowed for the nanoparticle 

formation to improve DOX accumulation in the tumor. 

Moreover, because of the enhanced stability conferred 

by CaCO3 crosslinking, prolonged circulation time 

was observed to significantly increase DOX accumulation 

in the tumor. The fluorescent intensity was further 

semi-quantitatively analyzed using Maestro™ 2.4 

software (Cambridge Research and Instrumentation 

Inc., Woburn, MA, USA). The fluorescence intensity 

of the tumor in the HA-DOX/CaCO3 group was 2.1 or 

1.8 times higher than that of the free DOX or HA-DOX 

group at 6 h post-injection, respectively (Fig. 3(d)). At 12 h 
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after administration, the intensity of the HA-DOX/CaCO3 

group was still the highest, which was 2.6 or 1.3 times 

higher than that of the free DOX or HA-DOX group, 

respectively. These results indicated that HA-DOX/CaCO3 

could adequately enhance the drug accumulation in 

the tumor tissue with reduced premature drug release. 

2.4 In vivo antitumor efficacy 

The CaCO3 crosslinking enhanced the HA nanoparticle 

with better stability, drug release profiles, intracellular 

drug delivery, cytotoxicity, and biodistribution. We 

next asked whether HA-DOX/CaCO3 is a promising 

candidate for further preclinical evaluations. First, the 

in vivo antitumor efficacies of drug-loaded nanoparticles 

were evaluated in a primary osteosarcoma model, the 

K7 osteosarcoma-allografted BALB/c mouse model. 

As shown in Fig. 4(a), when the tumor volume reached 

approximately 50 mm3, free DOX, HA-DOX, or HA-  

 

DOX/CaCO3 was administrated intravenously every 

four days for a total of six injections at an equivalent 

dosage of 5.0 mg·kg−1·BW−1 of DOX, and PBS was used 

as a control. As presented in Fig. 4(b), the PBS group 

exhibited a rapid increase in average tumor volume that 

reached approximately 3,895 ± 579 mm3 at the end-point 

on day 29. Free DOX was able to suppress tumor growth, 

but the average tumor volume still reached 2,169 ± 

427 mm3 at the end of the treatment period. As compared 

to the free DOX group, the groups treated with HA-DOX 

(P < 0.001) and HA-DOX/CaCO3 (P < 0.001), especially 

the HA-DOX/CaCO3 group, significantly inhibited tumor 

progression, and the average tumor volumes of the 

other two groups were 1,356 ± 227 and 343 ± 73 mm3 at 

the end points, respectively. The tumor inhibition rates 

of the free DOX, HA-DOX, and HA-DOX/CaCO3 groups 

were 44.3% ± 11.0%, 65.2% ± 5.8%, and 91.2% ± 1.9%, 

respectively (Fig. 4(c)). Notably, the inhibition rate of  
 

 

 

 
 

Figure 4 In vivo antitumor efficacy in K7 osteosarcoma-allografted mice with an initial tumor volume of 50 mm3. (a) Experimental 
schedule for tumor induction and drug treatments. (b) Tumor volumes, (c) tumor inhibition rates, (d) body weight changes, and (e) 
survival rates of mice treated with free DOX, HA-DOX, and HA-DOX/CaCO3. Scale bar: 1.0 cm. The statistical data are presented as 
mean ± standard deviation (n = 10 for (b)–(d); and n = 8 for (e). *P < 0.05, **P < 0.01, ***P < 0.001). 
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HA-DOX/CaCO3 was 1.4 and 2.1 times higher than that 

of the free drug and HA-DOX, respectively. As a small 

molecule, it was difficult to maintain the free DOX 

treatment condition at the effective DOX concentration 

in the blood and tumor because of its rapid excretion by 

glomerular filtration, which therefore limited its antitumor 

ability. With the improvement of biocompatibility and 

DOX accumulation in the tumor, HA-DOX/CaCO3 showed 

an improved tumor inhibition outcome than the 

other groups (P < 0.01). 

As presented in Fig. 5(a), free DOX, HA-DOX, or 

HA-DOX/CaCO3 was administered every four days 

with an equivalent DOX dosage of 5 mg·kg−1·BW−1 for 16 

days, and PBS was used as a control. HA-DOX/CaCO3 

demonstrated the most efficient tumor suppression in all 

groups (P < 0.001), inhibiting tumor growth by 84.6% ± 

1.6% (Figs. 5(b) and 5(c)). Compared with the other 

groups, this was significantly higher inhibition (P < 

0.01), which was 2.2 and 1.3 times superior than those 

of the free DOX group (39.0% ± 8.5%) and HA-DOX 

(62.9% ± 4.3%) group, respectively. This result was 

comparable to that obtained in the previous primary 

osteosarcoma model, and the slightly lower tumor 

inhibition efficacy might be attributed to the late stage 

of osteosarcoma with a highly aggressive nature. In 

addition, survival time was recorded after treatment 

with PBS, free DOX, HA-DOX, and HA-DOX/CaCO3. 

As shown in Figs. 4(e) and 5(e), the mice in the groups 

treated with HA-DOX and especially HA-DOX/CaCO3 

revealed a significantly improved survival time than 

that of the PBS group (P < 0.01). However, treatment 

with free DOX showed no significant amelioration of 

survival. This can be ascribed to the multiple organ 

toxicity and consequent body weight decrease, which 

are concomitant with its antitumor effect. Taken together, 

HA-DOX/CaCO3 demonstrated remarkably enhanced 

chemotherapeutic efficacy in tumor inhibition and 

shows excellent potential for treating both primary and  
 

 
 

Figure 5 In vivo antitumor efficacy in K7 osteosarcoma-allografted mice with an initial tumor volume of 200 mm3. (a) Experimental 
schedule for tumor induction and drug treatments. (b) Tumor volumes, (c) tumor inhibition rates, (d) body weight changes, and (e) 
survival rates of mice treated with PBS as a control, free DOX, HA-DOX, or HA-DOX/CaCO3. Scale bar: 1.0 cm. The statistical data 
are presented as mean ± standard deviation (n = 8 for (b)–(d); and n = 6 for (e). *P < 0.05, **P < 0.01, ***P < 0.001). 
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advanced osteosarcomas. 

To further investigate the antitumor efficacy of HA- 

DOX/CaCO3, the tumors were excised from the mice 

and sectioned for histopathological analyses at the 

end point of the treatment. Figure S3(a) in the ESM shows 

representative H&E-stained images of tumor paraffin 

sections from the K7 osteosarcoma-allografted mice 

with an initial tumor volume of ~ 50 mm3. The control 

group had an intact tumor structure with more chromatins 

and binucleated cells, indicating strong cancer cell 

proliferation [60]. By contrast, various degrees of necrosis 

in the tumor tissues were detected in the free DOX, 

HA-DOX, and HA-DOX/CaCO3 groups. In the necrotic 

area, chromatin was desultorily distributed, and this 

was quantitatively calculated using the NIS-Elements 

imaging software (Fig. S3(d) in the ESM) at 90.1% ± 5.7% 

in the HA-DOX/CaCO3 group, which was 1.4 and 2.2 

times larger than those of the free DOX and HA-DOX 

group, respectively; the necrotic area was only 2.5% ± 0.6% 

in the control group. This significantly enhanced effect 

of tumor necrosis (P < 0.01) agreed with the in vivo 

tumor inhibition efficiency (Fig. 4(b)). Figure 6(a) shows 

representative H&E images from the treatment of advanced 

osteosarcoma, and the result was similar to that observed 

from the primary treatment model. HA-DOX/CaCO3 

induced the greatest degree of tumor cell necrosis  

 

 
 

Figure 6 Histopathological and immunohistochemical analyses of tumor sections from the advanced osteosarcoma model. (a) H&E 
staining and ((b) and (c)) immunofluorescence detection of caspase-3 and Ki-67 of tumor tissue sections from K7 osteosarcoma-allografted 
BALB/c mice treated with PBS as a control, free DOX, HA-DOX, and HA-DOX/CaCO3. Scale bar: black line = 200.0 μm; red line = 50.0 μm. 
(d)−(f) Semi-quantitative analyses of tumor necrotic areas from H&E staining, and relative optical densities of immunofluorescence staining of 
(e) caspase-3 and (f) Ki-67. The statistical data are presented as mean ± standard deviation (n = 3 for (d) and (e); *P < 0.05, **P < 0.01). 
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compared with free DOX and HA-DOX. As shown in 

Fig. 6(d), the necrotic tumor area of the HA-DOX/ 

CaCO3 group was 88.8% ± 7.0%, which was 2.7 and 1.6 

times larger than those of the free DOX and HA-DOX 

groups, respectively (P < 0.01). Again, these results 

indicated that HA-DOX/CaCO3 possessed significantly 

enhanced antitumor activity. 

Caspase-3, a representative marker of the caspase 

family, is a pivotal mediator of programmed apoptosis 

[61]. It is also recognized as a “death enzyme” 

because it is typically activated by numerous death 

signals [62]. Therefore, the measurement of caspase-3 

by immunohistochemistry is widely used to assess 

the apoptosis level of a cell. Accordingly, we conducted 

caspase-3 analyses of the tumor tissues from the treated 

mice. As shown in Fig. S3(b) in the ESM and Fig. 6(b), 

in both primary and advanced osteosarcoma models, 

more intensive caspase-3 signals were detected in the 

tumor tissues of the HA-DOX/CaCO3 group compared 

with those of the other groups (P < 0.01), implying that 

the HA-DOX/CaCO3 treatment caused more tumor 

apoptosis.  

Ki-67 is a nuclear marker that is also used for 

assessing the prognosis of cancer patients [63, 64]. 

Herein, immunohistochemical staining for Ki-67 was 

performed in tumor sections to investigate the cell 

proliferation status. As shown in Fig. S3(c) in the ESM, 

significant tumor cell proliferation was observed in 

the control group, indicating that the tumor without 

drug treatment grew aggressively. In contrast, only a 

few Ki-67-stained cells could be detected in the 

HA-DOX/CaCO3 group, which was significantly lower 

than the Ki-67 expression level in both the free DOX 

and HA-DOX groups. In addition, as presented in 

Fig. 6(c), the advanced treatment showed a similar 

trend. This clearly indicated that HA-DOX/CaCO3 could 

effectively suppress cell proliferation in the tumor 

tissue and show greatly enhanced antitumor efficacy.  

The caspase-3 and Ki-67 signals were further quantified 

using ImageJ software (National Institutes of Health, 

Bethesda, Maryland, USA). The relative optical density 

was calculated as a ratio of the value of the sample to 

that of the control group (defined as 1). As shown in 

Fig. S3(e) in the ESM and Fig. 6(e), in both the primary 

and advanced osteosarcoma models, HA-DOX/CaCO3 

induced the highest tumor cell apoptosis rate. The 

efficacy of apoptosis induced by HA-DOX/CaCO3 

was 2.5 and 1.4 times higher than those by of free DOX 

and HA-DOX in the primary osteosarcoma model, 

respectively (P < 0.01). In the advanced model, 

HA-DOX/CaCO3 enhanced the cancer cell apoptosis 

rate by 2.7 and 1.4 times compared with those of free 

DOX and HA-DOX, respectively (P < 0.01). As shown 

in Fig. S3(f) in the ESM and Fig. 6(f), Ki-67 analyses 

indicated that HA-DOX/CaCO3 had the strongest 

inhibitory effect on tumor cell proliferation for treatments 

of both the primary and advanced osteosarcomas. 

Specifically, the inhibition efficacy of the tumor cell 

proliferation of HA-DOX/CaCO3 was 2.0 and 1.1 times 

higher than those of free DOX and HA-DOX in the 

primary osteosarcoma model (P < 0.05), respectively. A 

similar result was observed in the advanced osteosarcoma 

model, and HA-DOX/CaCO3 showed 3.3 and 1.5 times 

higher efficiency for tumor inhibition compared with the 

free DOX and HA-DOX groups, respectively (P < 0.01). 

All of these results demonstrated that HA-DOX/CaCO3 

could efficiently inhibit tumor cell growth and increase 

the apoptosis level in vivo for both primary and advanced 

osteosarcomas, representing an excellent therapeutic 

effect in osteosarcoma treatment. 

2.5 In vivo safety of HA-DOX/CaCO3 

Serious hemolytic reactions and side effects are the 

major obstacles that hinder the clinical translation of 

antitumor drugs. Therefore, it is important to evaluate 

the safety of HA-DOX/CaCO3 in vivo. The in vivo 

biocompatibility of HA-DOX/CaCO3 is a crucial aspect 

of determining its applicability as an appropriate drug 

candidate for intravenous injection. First, a hemolysis 

assay was carried out to estimate the blood compatibility 

of HA-DOX/CaCO3 [65]. Negligible hemolysis was 

detected at all of the tested HA-DOX/CaCO3 concentrations 

up to 1.0 mg·L−1 (Fig. 3(b)). The excellent hemocompatibility 

demonstrated that HA-DOX/CaCO3 is a safe system 

for intravenous administration without any notable 

damage to the red blood cell membrane, including 

disintegration and dissolution. 

The body weight change of a mouse during the 

therapeutic process is a typical indicator reflecting 

the systemic toxicity of a drug. In this study, the body 

weight of mice was recorded and analyzed daily. As 

shown in Figs. 4(d) and 5(d), all of the tumor-bearing 

mice in the HA-DOX/CaCO3 and HA-DOX groups 

showed no significant body weight changes over the 
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whole treatment, which indicated no detectable toxicity. 

In contrast, the mice treated with free DOX exhibited  

significant body weight loss over the experimental 

period (P < 0.001). Furthermore, as shown in Fig. 5(d), 

the HA-DOX/CaCO3 group showed a slighter reduced 

degree of body weight loss than the HA-DOX group 

(P < 0.05), which may be due to its enhanced tumor- 

targeting drug release and optimized stability in the 

blood circulation. 

The organ index is another common assessment for 

in vivo toxicity and can reflect the toxicity of drugs 

toward specific organs. Thus, two mice in each group 

were randomly euthanized at the end point to extract 

the heart, liver, spleen, lung, and kidney for organ index 

analyses by calculating the weight ratio of the organ 

to the body weight. The HA-DOX and HA-DOX/CaCO3 

groups showed similar major organ indices as the 

control group (Fig. S4(b) in the ESM). However, the 

spleen index in the free DOX group showed a significant 

decrease compared to that of the other three groups, 

which might be due to excess non-selective accumulation 

and subsequent cell death in the spleen (P < 0.05) [66]. 

A consistent result was obtained in the advanced 

osteosarcoma model (Fig. 7(b)). These results indicated 

that HA-DOX and HA-DOX/CaCO3 could effectively 

reduce organ toxicity via a relatively specific drug 

delivery route and on-demand drug release. 

Furthermore, H&E staining of the main organs (the 

heart, liver, spleen, lung, and kidney) is commonly 

used to estimate the long-term toxicity of chemotherapy 

drugs [67]. As shown in Fig. S4(c) in the ESM, the free 

DOX significantly damaged the heart by destroying 

muscle fibers. Additionally, obvious hyperplasia of 

the alveolar wall and remarkable shrinkage of the renal 

capsule cavity were observed in the lung and kidney 

of the free DOX group. In contrast, the two DOX-loaded 

nanoparticles, especially HA-DOX/CaCO3, caused much 

less damage to these organs. This might be attributed 

to the good encapsulation capability and delayed 

drug release of the nanoparticles under physiological 

conditions. The resulting lower free drug concentration 

would be helpful to avoid acute organ damage [68, 69].  
 

 
 

Figure 7 Safety evaluation of nanomedicines in mice with a starting tumor volume of 200 mm3. (a) Images and (b) organ indices of the 
major organs of mice treated with free DOX, HA-DOX, and HA-DOX/CaCO3. The yellow scale bar represents 1.0 cm. *P < 0.05, **P < 0.01. 
(c) Histopathological analyses of major organs from K7 osteosarcoma-allografted BALB/c mice. The arrows indicate the damaged cardiac 
muscle fibers, and the shrinking and abnormal glomeruli. The black scale bar represents 200 μm. 
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A similar conclusion was obtained based on the 

histopathological analysis shown in Fig. 7(c), further 

confirming the observation of the ex vivo DOX 

distribution and body weight changes. The encapsulation 

of DOX by HA-DOX/CaCO3 could protect it from rapid 

diffusion in the blood circulation and prevent acute 

organ injury. 

3 Conclusions 

In summary, a smart tumor microenvironment-responsive 

HA-CaCO3 hybrid nanoparticle was successfully 

synthesized via a ”green” synthetic method to effectively 

deliver DOX for osteosarcoma treatment. In normal 

physiological condition, HA-DOX/CaCO3 was stable 

with a diameter of 88.2 nm and a restrained DOX release 

rate of 25.7% ± 5.1% after 72-h incubation, indicating 

markedly enhanced stability due to crosslinking with 

CaCO3. When the pH decreased to 5.5, DOX was 

effectively released with a rapid rate to 89.7% ± 6.4% after 

72-h incubation, attributed to the acid-responsive CaCO3 

core. Upon systemic injection in vivo, HA-DOX/CaCO3 

showed effective tumor accumulation. When reaching 

the tumor tissue, the acidic microenvironment would 

trigger effective DOX release. In the K7 osteosarcoma- 

allografted BALB/c mouse model, HA-DOX/CaCO3 

demonstrated superior antitumor efficiency with greatly 

reduced systemic toxicity compared with the free DOX 

and HA-DOX treatments. Furthermore, HA-DOX/CaCO3 

also remarkably improved the survival rate under 

osteosarcoma treatment. The prominent performance 

for osteosarcoma treatment with HA-DOX/CaCO3 was 

also verified at an advanced osteosarcoma stage. 

Collectively, with convenient fabrication, favorable 

hemocompatibility and biocompatibility, excellent 

drug loading, and controlled release properties, 

HA-DOX/CaCO3 designed in this study holds great 

potential for chemotherapeutic treatment of various 

stages of osteosarcoma and is a potential candidate for 

clinical translation. In addition, our strategy can be 

extended to other types of cationic small-molecule 

drugs for the treatment of other diseases. 
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