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A B S T R A C T   

Effective management of malignant tumor-induced bone defects remains challenging due to severe systemic side 
effects, substantial tumor recurrence, and long-lasting bone reconstruction post tumor resection. Magnesium and 
its alloys have recently emerged in clinics as orthopedics implantable metals but mostly restricted to mechanical 
devices. Here, by deposition of calcium-based bilayer coating on the surface, a Mg-based composite implant 
platform is developed with tailored degradation characteristics, simultaneously integrated with chemothera
peutic (Taxol) loading capacity. The delicate modulation of Mg degradation occurring in aqueous environment is 
observed to play dual roles, not only in eliciting desirable osteoinductivity, but allows for modification of tumor 
microenvironment (TME) owing to the continuous release of degradation products. Specifically, the sustainable 
H2 evolution and Ca2+ from the implant is distinguished to cooperate with local Taxol delivery to achieve su
perior antineoplastic activity through activating Cyt-c pathway to induce mitochondrial dysfunction, which in 
turn leads to significant tumor-growth inhibition in vivo. In addition, the local chemotherapeutic delivery of the 
implant minimizes toxicity and side effects, but markedly fosters osteogenesis and bone repair with appropriate 
structure degradation in rat femoral defect model. Taken together, a promising intraosseous administration 
strategy with biodegradable Mg-based implants to facilitate tumor-associated bone defect is proposed.   

1. Introduction 

Bone cancers, which consists of primary and metastatic tumors, are 
the most severe and incurable bone disease globally, and have a dele
terious influence on survival, quality of life and health expenditure 
[1–3]. Primary bone cancers, such as osteosarcoma and Ewing’s sar
coma, always start in the bone or cartilage and are frequently diagnosed 
in children and adolescents [4]. In particular, osteosarcoma has become 
the second leading cause of tumor-related death in young people. 

Metastatic bone cancers occur in 65–80 % of patients with breast and 
prostate cancers and are frequently found in lung, liver and kidney 
cancers [5–7]. At present, surgical intervention, consisting of resection 
of the bone-localized tumor followed by combined treatment of the 
surrounding tissues with chemo/radiotherapy, is the mainstream clin
ical modality for bone cancer to prevent recurrence, but has reached its 
limit of efficacy [8]. Moreover, traditional chemo/radiotherapy are 
often associated with inevitable problems including severe side effects of 
drugs to healthy tissues or even systemic toxicity, the development of 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. National Engineering Research Center of Light Alloy Net Forming, Center of Hydrogen Science & State Key Laboratory of Metal Matrix 

Composite, School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai, 200240, China. 
** Corresponding author. 

E-mail addresses: guanqq1009@sjtu.edu.cn (Q. Guan), zzuhutu@163.com (T. Hu), lzhang880213@163.com (L. Zhang), ymj454426356@126.com (M. Yu), 
niujialin@sjtu.edu.cn (J. Niu), Dston1@gmail.com (Z. Ding), yupei_ortho@163.com (P. Yu), gyyuan@sjtu.edu.cn (G. Yuan), anzhiquan@126.com (Z. An), jpei@ 
sjtu.edu.cn (J. Pei).  

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2024.06.026 
Received 24 April 2024; Received in revised form 18 June 2024; Accepted 18 June 2024   

mailto:guanqq1009@sjtu.edu.cn
mailto:zzuhutu@163.com
mailto:lzhang880213@163.com
mailto:ymj454426356@126.com
mailto:niujialin@sjtu.edu.cn
mailto:Dston1@gmail.com
mailto:yupei_ortho@163.com
mailto:gyyuan@sjtu.edu.cn
mailto:anzhiquan@126.com
mailto:jpei@sjtu.edu.cn
mailto:jpei@sjtu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.06.026
https://doi.org/10.1016/j.bioactmat.2024.06.026
https://doi.org/10.1016/j.bioactmat.2024.06.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.06.026&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 40 (2024) 445–459

446

resistance, and inadequate bioeffects on the defected bone tissues 
[9–11]. It thus motivates efforts to develop innovative therapeutic op
tions with compelling biosafety and efficacy, among which local bone 
therapy [12–14] through the employment of a drug carrier or implant 
biomaterial to diseased bone tissue has recently emerged as an attractive 
strategy [15]. 

Surgical intervention of tumor-associated bone defect often leads to 
difficult to treat bone defects [16]. In addition to clinical autograft and 
allograft transplant, bone substitute biomaterials with favorable osteo
genesis capability provide another promising avenue for facilitating the 
healing of bone defects after tumor resection. Furthermore, to reduce the 
risk of local bone cancer recurrence, it is essential to eliminate residual 
tumor cells around bone defects [17]. Suitable biomaterials capable of 
simultaneously providing anti-tumor therapy and promoting bone 
regeneration are thus favored, whereas many implant materials often 
suffer from one or more drawbacks, e.g. poor bioactivity, lack sufficient 
mechanical strength, etc. Resulting in unsatisfactory in vivo outcomes 
[18]. Magnesium (Mg) and its alloys have recently been proposed as a 
new-generation biodegradable implant material in the orthopedic field. 
In contrast to permanent biometals, Mg eliminates the need for a second 
surgical intervention to remove the implant and minimize stress 
shielding effects because of their similar elastic modulus to that of 
natural bones [19]. Moreover, recent studies have revealed the desir
able, stimulatory effects of its main degradation products of Mg2+ on 
directed osteogenic differentiation and facilitating fracture repair [20], 
thus revealing its great therapeutic potential in treating bone diseased. 
Nevertheless, detrimental effects of overfast degradation of Mg implant 
have also been observed, including the gas cavity formed by burst 
hydrogen (H2) release of Mg implant, and moreover, deterioration of 
biocaompatibility and the complexity of the Mg2+-induced immuno
modulation on macrophages and bone resorption [21], which hamper 
bone regeneration, thus emphasizing the importance of degradation 
control. To effectively satisfy the genuine demands of orthopedic im
plants, it is imperative to corrosion rate while maintain mechanical 
integrity for an extended duration, and to limit the emission of H2, which 
can be accomplished through the process of alloying or other prepara
tory techniques [22,23]. A complementary approach to advancing the 
technology of Mg alloys is through surface modification. The utilization 
of coatings is a viable strategy to bolster the resistance to corrosion and 
the biocompatibility of the implants. On the other hand, it has been 
reported that the high alkalinity and H2 gas generated during the 
degradation of naked Mg have cytotoxic effects on osteosarcoma cells in 
vitro [24]. However, achieving significant and long-term H2 release in 
the tumor to produce the best anticancer therapeutic impact is still 

problematic [25,26]. Therefore, in addition to alloying and processing 
the Mg matrix, it is important and necessary to regulate the Mg 
biodegradation through the development of a rational design surface 
coating for appropriately exerting its beneficial role in facilitating bone 
reconstruction and repair while combating bone tumor recurrence [27, 
28]. 

Apart from magnesium, calcium and lots of its compounds are well- 
advocated to promote osteoblast proliferation, migration and osteogenic 
differentiation. Furthermore, calcium ions (Ca2+) can also play a vital 
role in tumor therapy through activating mitochondrial apoptosis 
pathways, resulting in Ca2+-overloading-induced cancer cell death [29, 
30]. Hence, to integrate the multifunctionalities required for treating 
tumor-induced bone defect, herein, we propose the development of a 
Mg-based composite implant (BM/PLAT/CP) through fabrication of a 
bilayer coating platform with chemotherapeutic loading capacity, and 
tailored degradation characteristics for synergistic local therapy 
(Scheme 1). The bilayer coating consists of an inner layer of poly (lactic 
acid) with typical chemotherapy drug-Taxol (abbreviated as PLAT) and 
an outer layer of calcium phosphate-based rough coating (CP). The 
resultant implant is capable of locally co-delivering Mg biodegradation 
products and chemotherapeutic drugs in a well-controlled, sustained 
manner. Taking the advantages, we postulate that this Mg-based implant 
could concurrently promote the formation of new bones and alleviate or 
even prevent bone tumor recurrence and consequently offer superior 
efficacy in treating tumor-induced bone defects, owing to the appro
priate control of the overfast Mg degradation and the sustainable release 
of degradation products (Ca2+, H2) to synergize the local chemothera
peutics. The in vitro viability, direct adhesion and proliferation of cells 
on the implant surface and the influence of the degradation extracts, are 
studied in combination with MC3T3 osteoblasts and MNNG osteosar
coma cells, respectively. The preliminary anti-tumor mechanism with 
this local implant strategy is also explored. The corresponding in vivo 
effects on tumor-induced bone defect are investigated in nude mice with 
osteosarcoma and in Sprague‒Dawley (SD) rats with femoral defects, 
respectively. 

2. Results 

2.1. Mg-based implant characterization 

The biodegradable BM/PLAT/CP implant was prepared and depos
ited with a bilayer coating platform of poly (lactic acid) (PLA)/calcium 
phosphate (CP). Fig. 1a confirmed that the composite implants consisted 
of designated coatings with an inner layer of PLA loaded with a typical 

Scheme 1. Schematic diagram of BM/PLAT/CP implant design and bio-application in treating tumor-induced bone defects.  
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chemotherapeutic Taxol, and an outer layer of CP, aiming to simulta
neously regulate the biocorrosion, improve biocompatibility and 
osteogenesis of the Mg-based substrate, integrated with synergistic 
antineoplastic activity. The thicknesses of the bilayer coatings were 
optimized for this study to obtain a suitable implant degradation profile 
to match new bone growth, meanwhile maintaining a sustainable, 
controlled release of both drugs and degradation products for desirable 
bio-efficacy. Additionally, the morphology of the outermost layer was 
also modulated and optimized through chemical solution synthesis to 

achieve favorable osteoblastic cell responses [31]. In Fig. 1b it clearly 
exhibited that the as-prepared PLAT coating was intact and uniform, and 
importantly, there was no obvious drug aggregates or microphase sep
aration. Cross-sectional SEM images of the BM/PLAT/CP implant were 
shown in Fig. 1c and d. Fig. 1c illustrated the presence of numerous 
degraded CP flakes on the surface of the BM/PLAT/CP specimens. The 
CP layer, characterized by water lily structure, exhibited approximately 
200 μm in length and several tens of micrometers in width and thickness 
on account of the heterogeneous nucleation of calcium phosphate on the 

Fig. 1. Preparation and characterization of BM/PLAT/CP. a) The process of the bilayer coatings on Mg-implant. b) SEM image of the top view of BM/PLAT implants. 
c, d) SEM images of the top view and cross-section view of BM/PLAT/CP implants. e) pH and osmolality and f) cumulative Mg2+ amount profiles of BM/PLAT/CP 
during 60 days of immersion in DMEM. g) In vitro H2 release profile of BM -based implants in phosphate-buffered saline with 0.1 % Tween 20 (PBST) for 21 days. h) 
Calculated in vitro corrosion rate of BM/MgF2, BM/PLA and BM/PLAT/CP. i) In vitro Taxol release profile of BM/PLAT/CP implants in PBST for 2 weeks. *p < 0.05. 
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UV-pretreated PLA film. The microscale-rough CP layer with a nested 
structure completely covered the PLA coating loaded with Taxol. The 
thicknesses of the PLA layers loaded with Taxol and the outermost 
brushite layer were determined of ~3 μm and ~6–7 μm, respectively 
(Fig. 1d). As shown in Fig. S1, the surface roughness of BM/PLAT/CP 
was determined to be 4.15 ± 0.3 μm using a stylus surface profiler. This 
surface microroughness might contribute to the promoted adhesion and 
proliferation of osteoblastic cells, as compared to the smoother surfaces 
including BM/MgF2 (0.31 ± 0.13 μm) and BM/PLA (0.21 ± 0.10 μm), 
according to several previous reports on the effects of microroughness 
on osteoblasts [32]. In addition, the adhesion of the composite coating 
was evaluated using the “Tape Test”, as illustrated in the representative 
image shown in Fig. S2. The test revealed that the surface remained 
intact which corresponds to an ASTM 5B rating, indicating excellent 
adhesion with less than 5 % of the coating being removed or detached. 
These findings confirmed that the bilayer coatings could adhere tightly 
to each other and to the underlying Mg-based substrate. The excellent 
adhesion was most likely due to the strong coordination interaction 
between the abundant carboxylic ester groups of PLA and the Ca2+ in CP 
coatings. 

2.2. In vitro degradation and drug release 

The in vitro degradation product release profiles and calculated 
degradation rates of BM/PLAT/CP implants for up to 2 months were 
displayed in Fig. 1e–h. In contrast to the previously reported naked Mg 
alloy, the pH of the BM/PLAT/CP group during degradation only 
increased gently to ~8.10 of desirable weak alkalinity, and the osmo
lality and cumulative release profile of Mg2+ exhibited a nearly linear 
growth trend, which were considerably reduced. H2 evolution during 
Mg degradation was carefully monitored, which also served as a quan
titative indicator of the in vitro magnesium corrosion rate. Fig. 1g clearly 
revealed that BM/MgF2 generated a burst release, particularly for the 
first 3 days, and it only slightly decreased with BM/PLA, which could 
result in unfavorable gas cavity upon implantation. On the contrary, 
BM/PLAT/CP showed well-controlled, more sustainable hydrogen evo
lution, and the accumulative amount was only about half of that pro
duced from BM/PLA. In the extract, the Ca2+ concentration of DMEM 
medium gradually decreased from 91.0 ppm to around 30.0–40.0 ppm, 
which indicated slow-release manner of Ca2+ (Fig. S3). Moreover, the 
concentration of Mg2+ ions in the extraction solution gradually 
decreased as the coating thickness increases due to the additional CP 
coating was engineered to enhance corrosion resistance as a physical 
barrier, suggesting a retarded degradation provided by the bilayer 
coating, in contrast to the bare substrate, and PLA coating alone 
(Fig. S4). According to ASTM G31-72, the calculated in vitro corrosion 
rate of BM/PLAT/CP (0.201 ± 0.005 mm/year) groups was markedly 
modulated and significantly lower than those of the BM/MgF2 and BM/ 
PLA groups. Notably, there was little interference in terms of degrada
tion with the incorporation of the Taxol drug into the composite coating 
(Fig. 1h). 

The in vitro kinetic release profile of chemotherapeutic Taxol from 
the BM/PLAT/CP implant over 2 weeks was plotted in Fig. 1i. The 
amount of Taxol released from the BM/PLAT/CP implant was approxi
mately 52.5 % post 3 days and 91.0 % for the two weeks, in accordance 
with a diffusion-controlled drug release mechanism by using a Higuchi 
model analysis [33]. It was noteworthy that the compact CP top layer 
dramatically alleviated the overfast release of Taxol in the early stage 
and subsequently regulated drug release kinetics [34]. These results 
demonstrated that the BM/PLAT/CP implant showed promise in acting 
as a local drug delivery system for long-term use. 

2.3. In vitro effect of the BM/PLAT/CP implant on osteosarcoma and 
osteoblastic cells 

2.3.1. In vitro biocompatibility and bioactivity on osteoblastic cells 
To evaluate the in vitro biocompatibility and osteoconductivity of the 

composite implant, a direct osteoblastic cell adhesion assay was first 
performed on different samples. As shown in Fig. 2a and b, slightly 
enhanced initial MC3T3-E1 cell adhesion was observed after 1 day of 
incubation in both the BM/CP and BM/PLAT/CP groups compared to 
that in control group (p < 0.05). On Day 3 and Day 5, the two groups 
showed adherent cell density comparable to that of the control group, 
although in the BM/PLAT/CP group it was slightly lower than that in the 
BM/CP without Taxol loading, revealing negligible influence of this 
Taxol-loaded coating on exacerbating osteoblast biocompatibility. In 
contrast, the adherent live cells in the BM/MgF2 group were signifi
cantly reduced, which exhibited a shrunk, roundish or abnormal 
morphology, demonstrating acute cytotoxicity resulting from initial 
adhesion and subsequent cell growth. This difference may be predomi
nantly attributed to the rapid degradation of the Mg matrix, which 
lacked effective protection from the outermost brushite coating, thus 
inducing excessive Mg2+, osmolality and possibly overhigh alkaline 
environment. The viabilities of MC3T3-E1 cells incubated with extracts 
of BM/MgF2, BM/CP and BM/PLAT/CP for 1, 3 and 5 days were dis
played in Fig. 2c. After culturing for 3 days, the BM/MgF2 group clearly 
presented distinct toxicity to MC3T3-E1 cells, revealing poor viability of 
~56 %. Both the BM/CP and BM/PLAT/CP groups exhibited good 
cytocompatibility for MC3T3-E1 osteoblastic cells, achieving favorable 
viability of ~113 % and ~91 % on Day 5, respectively, thus meeting the 
biocompatibility requirements of ISO10993-5 for clinical use. 

To assess potential osteoinductivity in vitro, after 7 and 14 days of 
culture in differentiation medium, analysis of ALP activity demonstrated 
that early osteogenic activity was strongly boosted in the BM/CP and 
BM/PLAT/CP groups, and there was no significant difference between 
these two groups (Fig. 2d). Real-time PCR results after 14 days of culture 
were shown in Fig. 2e. Similarly, compared with those in the Ti control 
group, Alp and Opn expressions in the BM/CP and BM/PLAT/CP groups 
considerably elevated, and the Col I expression was also slightly greater 
in the BM/PLAT/CP group. Runx 2 expression was significantly upre
gulated in the BM/CP group, which was slightly higher compared to 
BM/PLAT/CP groups. These features indicated the prominent in vitro 
osteogenic potential of Mg-based implants achieved via this rational- 
designed bilayer coating system, with negligible influence of drug 
loading observed on osteoblast biocompatibility. 

2.3.2. In vitro cytotoxic effect on osteosarcoma cells 
To explore the in vitro inhibitory effects of the Mg-based implants on 

osteosarcoma cells, direct cell adhesion and cell viability assays were 
performed with MNNG cell line. The cell adhesion density, morphology 
and viability after 1, 3, and 5 days of culture are displayed in Fig. 3. 
During the entire culture period, compared with the control group, the 
adherent live cell density in the BM/PLAT/CP groups was significantly 
lessened, with cell morphology in the abnormal state, which was further 
minimized to almost 0 on Day 5, indicating a superior suppressive effect 
of BM/PLAT/CP on osteosarcoma cells (Fig. 3a and b). As for the BM/ 
MgF2 group, the osteosarcoma cell density gradually decreased to 5.48 
(cell/mm2) and was also much lower than that in the control group on 
Day 5, which was most probably attributed to the high osmolality, 
alkaline environment and burst H2 release associated with overfast Mg 
biodegradation. Interestingly, for the BM/CP group, a reduced initial 
tumor cell adhesion was observed after 1 day of incubation, suggesting 
distinct inhibition on osteosarcoma cell proliferation directly on the 
BM/CP surfaces. 

To determine the possible effect of the released degradation products 
on modulating tumor microenvironment (TME), the viability of MNNG 
cells incubated with extracts of different BM-based samples was detected 
(Fig. 3c). Throughout the entire assay, the extracts of the BM/MgF2, BM/ 
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CP and BM/PLAT/CP groups all exhibited significant inhibitory effects 
on osteosarcoma cells and their proliferation. It should be noteworthy 
that the antineoplastic effect of the extracts was not as significant as 
those directly attached to the sample surface, and it thus may be mostly 
attributed to the local H2 evolution directly from the Mg-based samples, 
which was absent in the sample extracts. 

2.3.3. In vitro effect of Mg degradation microenvironment on differentiating 
osteoblast vs. osteosarcoma cells 

Considering the high reaction activity of Mg in aqueous environ
ments, to evaluate the effect of the degradation products of BM-based 
composite implants on differentiating viability of osteoblast and osteo
sarcoma cells was essential for rational design and appropriate control of 
Mg degradation. In this study, the Mg biodegradation products consisted 
mainly of gaseous H2, Mg2+ and OH− , which could be characterized by 
the Mg2+ concentration, pH, and osmolality of the extract. To further 
explore these degradation factors that may affect the viability of bone 
cells, BM extracts were prepared with a series of dilutions (100 % BM, 

80 % BM, 50 % BM, and 20 % BM). The viability of MNNG osteosarcoma 
cells and MC3T3-E1 osteoblasts cultured in the extracts for 1, 3 and 5 
days was displayed in Fig. 4a and b. The 100 % BM and 80 % BM extracts 
exhibited evident cytotoxic effects on both osteosarcoma and osteo
blastic cells, which could be due to the overhigh pH, osmolality and even 
Mg2+. Apparently, the osteoblastic cells bear effect of extract better than 
osteosarcoma cells, which exhibited ~86 % of cell viability on day 5 in 
80 % BM group. The conditions of 50 % BM exerted certain cytotoxic 
effect on osteosarcoma cells without inhibiting osteoblasts that the cell 
viability both exceeded 80 % on day 3 and 5. The 20 % BM extracts were 
approaching to the physiological conditions, thus showing limited 
inhibitory effect on osteosarcoma, but rather boosting osteoblast 
viability. Upon the incorporation of slight amount of Taxol, the viability 
of osteosarcoma cells cultured in BM/PLAT/CP extract decreased dras
tically, and meanwhile that of osteoblastic cells was still greater than 75 
%, indicating the advantage of local Taxol delivery for BM-based com
posite implant in killing osteosarcoma cells meanwhile showing mini
mized side effect on osteoblasts. The physicochemical parameters of the 

Fig. 2. In vitro effect of different implant extract on MC3T3-E1 cell response. a) Fluorescent microscopy images and b) adherent cell density of MC3T3-E1 osteoblastic 
cells incubated with different implants. Scale bar = 200 and 100 μm, respectively. c) Cell viability and d) ALP activities of MC3T3-E1 cells cultured in samples 
extracts. e) RT-PCR results of expression of osteogenic genes Alp, Opn, Col I and Runx 2 after 14 days of culture. nsp>0.05 vs. Control group, *p < 0.05 vs. Control 
group; #p < 0.05. 
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extracts and the cell viability results of MNNG osteosarcoma cells 
cultured in these extracts are shown in Fig. 4c and d. The pH, osmolality, 
and Mg2+ concentration of the BM extract gradually decreased with 
increasing dilution ratio. The BM/PLAT/CP extracts exhibited lower pH 
values, osmolalities, and Mg2+ concentrations, whose values fell into 
those between the 20 % and 50 % BM extracts, suggesting a favorable 
modulation range of Mg degradation to exert cytotoxic effect on tumor 
cells whereas maintaining desirable osteoblast cytocompatibility 
(Fig. 4e). 

2.3.4. The mechanism of BM/PLAT/CP-induced osteosarcoma cytotoxicity 
The complicated tumor microenvironment (TME) featured by acidic 

pH values, high levels of reactive oxygen species (ROS) and vascular 
abnormalities may greatly limit the effect of tumor therapy [35,36]. 
Recent studies had provided evidence supporting the potent anticancer 
capacity of gaseous H2, which may be attributed to the ability of a 
number of hydrogen molecules to entry into cells, thereby impairing the 
energy supply crucial for the survival of cancer cells [37]. Moreover, 
calcium ions (Ca2+) also exerted significant influence on various tumor 
cell processes. Notably, in the context of elevated Ca concentrations, 
calcium channels within cancer cells exhibited abnormal functionality, 
leading to an overload of calcium ions and subsequent mitochondrial 
damage. This calcium-induced impairment significantly contributed to 
the eradication of cancer cells [38]. To evaluate mitochondrial damage, 
we employed the commercially available dye JC-1 to detect changes in 
the mitochondrial membrane potential (MMP). The control group dis
played weak green fluorescence, while the BM group showed greatly 
increased signals (Fig. 5a and b), indicating the H2 released from BM 
greatly reduced MMP of tumors cells. The green fluorescence intensity 
further elevated in the BM/CP group, assumably due to the combined 
effect of H2 and Ca2+ stemmed from the composite Mg sample. Addi
tionally, PTX was used to induce oxidative stress, resulting in mito
chondrial damage. The BM/PLAT/CP group exhibited the most 
significant decrease in the MMP. 

To further verify the uptake of Ca2+ by tumor cells, we investigated 

the intracellular Ca concentration using the Ca2+ probe Fluo-4 AM. 
Fluorescence microscopy clearly revealed that, compared with the 
control group, both the BM/CP and BM/PLAT/CP groups exhibited 
enhanced green fluorescence, confirming the effect of overloaded Ca2+. 
Interestingly, the BM/CP group exhibited even 1.02-fold stronger 
intracellular signals than that of the BM/PLAT/CP group, which could 
be attributed to the release of PTX causing mitochondrial dysfunction 
and inhibiting intracellular Ca transport, as shown in Fig. 5c and d. The 
cytosol Ca2+ accumulation would stimulate oxidase activity of cells that 
was responsible for ROS generation, and the process of Ca2+-associated 
ATP synthesis could also be restrained. Therefore, the intracellular ROS 
level was also detected and evaluated. Fig. 5e showed the elevated ROS 
level of MNNG tumor cells treated with BM/CP group. There was no 
statistical difference between BM/CP and control groups. After co- 
culturing for 24 h, it can be observed that BM/CP group induced 
nearly double intracellular ROS production compared to the control 
group (p < 0.05), which was most probably attributed to the accumu
lative Ca2+ products. Furthermore, the intracellular ATP content in the 
BM-related group displayed a similar downward trend (Fig. 5f), and the 
BM/PLAT/CP group exhibited the greatest decrease by 31 % in the MMP 
and 80 % in intracellular ATP level compared to control group respec
tively, suggesting that the generated H2 and Ca2+ were capable of killing 
cancer cells via inhibiting mitochondrial function and ATP synthesis. 
This significant bioeffect can be attributed to the synergistic actions of 
Mg degradation products and local Taxol release by destroying the TME, 
which thus resulted in excessive toxicity to osteosarcoma cells. Addi
tionally, Western Blot assays revealed significant upregulation of cyto
chrome C (Cyt-c) and downregulation of Bcl-2 in cells co-incubated with 
BM/PLAT/CP (Fig. 5g), which suggested the occurrence of multilevel 
mitochondrial damage, further confirming the dual therapeutic effects 
of calcium overloading and H2 release, ultimately leading to increased 
levels of tumor cell apoptosis (Fig. 5h). 

Fig. 3. In vitro killing effect on MNNG osteosarcoma cells. a) Fluorescent microscopy images and b) adherent cell density of MNNG osteosarcoma cells on control, 
BM/MgF2, BM/CP and BM/PLAT/CP samples, respectively. Inserted images in a) with higher magnification showed the cell spreading morphology, with scale bar 
represents 100 μm. c) Cell viability results of MNNG cells cultured with extract of BM/MgF2, BM/CP and BM/PLAT/CP, respectively. *p < 0.05, **p < 0.01. 
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2.4. In vivo effect of the BM/PLAT/CP implant on localized bone tumor 
therapy 

To assess in vivo antitumor efficacy, BM/CP, BM/PLAT45/CP, and 
BM/PLAT150/CP samples were implanted into the site adjacent to the 
induced osteosarcoma of BALB/c nude mice (Fig. 6a). Saline and Taxol 
were injected as the negative and positive controls, respectively. Pho
tographs of the tumors in the nude mice and changes in tumor volume at 
predetermined time intervals were presented in Fig. 6b–d. During the 7- 
day observation, as the tumor growth was barely affected in the negative 
control group, the largest tumor volume and the highest tumor growth 
rate were observed. Compared to the negative control group, the relative 

tumor growth rates in the free Taxol injection, BM/CP, BM/PLAT45/CP, 
and BM/PLAT150/CP groups decreased by 23.3 %, 15.5 %, 31.3 % and 
66.8 %, respectively. BM/CP, free Taxol injection and BM/PLAT45/CP 
all suppressed tumor growth, which was more prominent after 5 days. 
Among all the groups, the BM/PLAT150/CP had the greatest inhibitory 
effect on tumor growth during the entire period, and the difference in 
tumor volume was not significant even after 7 days. Notably, even 
without Taxol loading, tumor growth was still inhibited in the BM/CP 
group, although to a slight extent, whose effect was actually similar to 
that of the free Taxol injection group. This result therefore implied the 
suppressive role of accumulative Mg biodegradation products and cal
cium overloading. With the incorporation of local Taxol delivery, BM- 

Fig. 4. Viability results of a) MNNG cells vs. b) MC3T3-E1 cells cultured in the BM extracts with dilutions and BM/PLAT/CP extract. c, d) pH value, osmolality and 
Mg2+ concentration of BM extracts with dilutions (100 % BM, 80 % BM, 50 % BM and 20 % BM) and BM/PLAT/CP extract. e) Schematic illustration on the effect of 
degradation extracts of BM/PLAT/CP on differentiating viability between bone tissue cell and tumor cell. 
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based composite implants could maintain considerable tumor inhibition 
efficacy owing to the co-existence of sustained Taxol release. In addition, 
the tumor inhibition efficiency of BM/PLAT150/CP group was superior 
to that of conventional chemotherapy in the Taxol administration, 
indicating the advantage of local Taxol delivery, as well as the indis
pensable role of microenvironment modulation induced by controlled 
Mg degradation. 

At the end of the experiment, tumor tissues were collected and 
evaluated via hematoxylin & eosin (H&E) staining. Fig. 6e showed 
representative tissue sections from the negative control, BM/CP, Taxol 
injection, and BM/PLAT150/CP groups. No visible damage to the tumor 
tissue was observed in the negative control group. The BM/CP and Taxol 
injection groups both revealed slight changes, and the BM/PLAT150/CP 
local treatment led to the most noticeable decrease in tumor cell 
numbers and changes in cell morphology, in which massive cell nuclei 
were dissolved and cell contact was loosened. The results of the quan
titative analysis indicated that the tumor tissue necrosis rate reached 

11.2 ± 6.3 %, 39.4 ± 6.0 %, and 67.4 ± 5.2 % for the BM/CP, Taxol 
injection, and BM/PLAT150/CP implant groups, respectively (Fig. 6f). It 
can be clearly concluded that the tumor tissue necrosis rate followed the 
order of Control < Taxol injection ≪ BM/PLAT150/CP. The BM-based 
composite implant demonstrated synergistic antitumor effects on oste
osarcoma tumor-bearing mice, which was generally in accordance with 
the in vitro response of MNNG osteosarcoma cells (Fig. 3). 

2.5. In vivo effect of the BM/PLAT/CP implant on femoral defect healing 

2.5.1. In vivo evaluation of implant degradation 
The in vivo osteogenetic efficacy of BM/PLAT/CP was investigated 

after implanting into femoral defect model SD mice (Fig. 7a). Fig. 7b 
showed 3D-reconstructed micro-CT images of different implants at each 
time point. Throughout the entire in vivo experiment, the BM/CP and 
BM/PLAT/CP implants maintained structural integrity without disinte
gration. A statistical analysis of the residual volume, as shown in Fig. 7c 

Fig. 5. The mechanism evaluations of BM/PLAT/CP implant induced osteosarcoma cytotoxicity. a, b) MMP of MNNG cells were treated with different samples. Scale 
bar: 50 μm. c, d) Fluorescence microscope images and the corresponding ratio analysis of Ca2+ ions released from different samples in MNNG cells. Scale bar: 100 μm. 
e) ROS level of MNNG cells treating with BM/CP extract. Scale bar:100 μm. f) Intracellular ATP content analysis with different treatments (n = 3). g) Western blotting 
analysis of Cyt-c, and Bcl-2 proteins. h) Schematic diagram of proposed mechanism of BM/PLAT/CP. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group. #p <
0.05, ##p < 0.01, ###p < 0.001. 
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and d revealed that both BM-based implants gradually degraded in vivo 
in a well-controlled manner. The volume reduction in the BM/PLAT/CP 
group was slightly greater than that in the BM/CP group, about 9.56 %. 
This difference was presumably due to the micro-defect in the PLA 
coating after Taxol release, which slightly undermined the corrosion 
protection of the Mg implant. According to the volume loss, the in vivo 
degradation rate of the BM/PLAT/CP implant was determined of 0.46 ±
0.03 mm/year during the initial 8 weeks post-implantation. Subse
quently, the degradation rate slightly increased to 0.47 ± 0.08 mm/year 
and 0.66 ± 0.10 mm/year at 12 and 16 weeks post-surgery, respectively, 
which could sufficiently meet clinical requirements. 

2.5.2. Micro-CT evaluation of bone formation 
As shown in Fig. 7e and f, the bone defects in the BM-based groups 

started to heal at 8 weeks post-surgery. Histomorphometric analysis of 

the newly formed bone tissues indicated that the BV/TV indices of the 
BM/CP and BM/PLAT/CP groups were both 1.3-fold greater than that of 
the Ti group for the entire implantation period. No significant difference 
(p > 0.5) was observed between the two BM-based groups. Moreover, 
compared with those in the Ti group, the BM/CP and BM/PLAT/CP 
groups exhibited significant increment in trabecular number (Tb.N) and 
trabecular thickness (Tb.Th), the values of which were 1.3 fold and 1.55 
fold than Ti group respectively. and decreased trabecular spacing (Tb. 
Sp) at 16 week. There was no significant difference between the BM/CP 
and BM/PLAT/CP groups. The trabecular spacing (Tb.Sp) was decreased 
in BM/CP and BM/PLAT/CP groups at 16 week (Fig. 7g). Taken 
together, these findings suggested that the incorporation of Taxol into 
BM-based implants, which ensured controlled drug release, had negli
gible adverse influence on the bone remodeling process during femoral 
defect healing and thus results in outstanding bone-forming capability 

Fig. 6. The anti-tumor effect of BM-based implant on osteosarcoma tumor-bearing mice. a) Schematic illustration of MNNG-bearing mice and therapeutic process of 
implants. b) Tumor photographs of nude mice for the control, Taxol, BM/CP, Mg/PLAT45/CP, and Mg/PLAT150/CP groups at Day 0 and Day 7. c) Tumor volume 
and d) relative tumor volume change of five groups at each time point. e, f) H&E stained images of tumor tissue and tumor tissue necrosis rate for the control, Taxol, 
BM/CP, and Mg/PLAT150/CP groups. *p < 0.05 vs. Control group. #p < 0.05. 
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with the Mg-based implants of controlled degradation. 

2.5.3. Histological observation and analysis 
Histological images acquired at 8, 12, and 16 weeks post- 

implantation of Ti, BM/CP, and BM/PLAT/CP are displayed in Fig. 8a 

and b. The newly formed bone was microscopically observed in direct 
contact with the BM/CP and BM/PLAT/CP implants from week 8 on
wards, and the bone trabeculae were arranged in well-organized order. 
In contrast, newly formed bone was indirectly connected in the Ti group. 
The bone-implant contact ratio results demonstrated that bone ingrowth 

Fig. 7. Micro-CT images and histomorphometry analyses. a) Schematic illustration of femoral defect model establishment and therapy process of BM/PLAT/CP. b) 
3D-reconstructed micro-CT images of Ti, BM/CP, and BM/PLAT/CP implants at different weeks post-surgery, respectively. c) The volume change and d) calculated 
corrosion rate of implants at different weeks post-surgery. e) Micro-CT images of different groups at week 8, 12, and 16 after implantation f) Bone volume fraction 
(BV/TV) of implants groups at different weeks post-surgery. g) Trabecular thickness (Tb. Th), trabecular spacing (Tb. Sp), and trabecular number (Tb. N) of different 
implant group at 16 weeks post-surgery. *p < 0.05. 
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was appreciably greater in the BM-based groups than in the Ti group in 
the first 8 weeks, during which virtually identical trends were main
tained at 12 and 16 weeks post-surgery. The continuity and thickness of 
the trabeculae surrounding the BM-based implants continued to increase 
after 8 weeks. As shown in Fig. 8b, at 16 weeks post-surgery, remarkably 
more new bone was formed in the BM/CP and BM/PLAT/CP groups, 
which was approximately 1.3-fold greater than that in the Ti group. 

New bone formation around Ti, BM/CP, and BM/PLAT/CP implants 
was recorded by using three fluorochromes. Bone formation at 16, 12, 
and 8 weeks post-surgery was analyzed via immune-fluorescent labeling 

(Fig. 8c and d). The percentage of the stained bone area in the BM/CP 
and BM/PLAT/CP groups was significantly greater than that in the Ti 
group at 8 and 12 weeks. The osteoinductivity effect was most apparent 
in both BM-based groups, indicating that the controlled release of Mg 
biodegradation products was beneficial for inducing bone regeneration. 
The percentage of stained bone area decreased overall, signifying the 
occurrence of bone remodeling at 16 weeks post-surgery. 

Fig. 8. In vivo analysis of the new bone formation of implants. a) Histologic overview of Ti, BM/CP, and BM/PLAT/CP implanted in femoral defects and b) 
quantification of the new bone area and BIC at different weeks post-surgery. Van Gieson’s picrofuchsin staining (scale bar = 200 μm). The asterisk represents the 
implant. c, d) Sequential fluorescent labeling observation of Ti, BM/CP, and BM/PLAT/CP groups. The percentage of stained bone area is presented correspondingly. 
Scale bar = 100 μm *p < 0.05. 
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3. Discussion 

In clinical practice, one of the critical challenges that persists lies in 
the regeneration of bone defects following surgery for bone tumors 
while simultaneously preventing the recurrence of bone cancer, and 
alleviating side effects of conventional chemotherapy. Hence, in our 
study, a bilayer PLA/CP-coated Mg-based implant was developed as a 
local drug delivery system to achieve sustainable and controllable 
release of chemotherapeutic Taxol for weeks. Additionally, the 
controlled degradation processes facilitated the successful regeneration 
of bone tissue. Mg alloy implants can promote osteogenic differentiation 
and improve femur fracture healing, suggesting the potential thera
peutic effect of Mg in orthopedics [39]. Controlling the degradation of 
implants is crucial not only for preventing premature mechanical fail
ure, but also for circumventing negative effects of excessive Mg2+ on 
osteogenesis due to undesirable immunomodulation in macrophages 
[40] thus ensuring appropriate bone regeneration and remodeling. 
Moreover, overfast, burst release of H2 gas, an anti-tumor agent pro
vided with adequate, long-term application, could be also effectively 
harnessed. A bio-Mg alloy developed by our group was used as the 
substrate material [41], the mechanical strength (>200 MPa) and 
ductility (min. 10 %) of which meet the requirement of implantation. 
The Taxol-loaded PLA/CP-coated Mg-based implant significantly 
improved the corrosion resistance of the substrate, the degradation rate 
of which is 0.201 mm/year in vitro. The incorporation of Taxol barely 
affected the degradation profile of the PLA/CP-coated BM implants. 
Further micro-CT analysis of the in vivo data also confirmed that the 
BM/PLAT/CP implant maintained full structural integrity via surface 
degradation during the 4-month bone defect healing process. The 
calculated in vivo degradation rate of the BM/PLAT/CP implants was 
much higher than that measured in vitro (immersion in DMEM), and this 
difference may be due to the combined influence of proteins, cells and 
the in vivo dynamic body fluid environment, which would accelerate the 
degradation of Mg-based implants [42]. The in vivo degradation rates of 
BM/PLAT/CP implants was less than 0.5 mm/year and significantly 
lower than that of the previously reported naked Mg implants [43]. The 
BM/PLAT/CP implants exhibited a favorable controlled degradation 
profile with desirable uniform corrosion mode and no gas pockets 
observed post-surgery, which could adequately meet clinical re
quirements for orthopedic implants applications [44]. 

The treatment of bone tumors is a complex process which is regu
lated by various factors, including drug type and tumor microenviron
ment, etc. We demonstrated that the BM/PLAT/CP implant had a 
remarkable tumor inhibition effect compared with that of the control 
and BM/CP implant. Compared to systemic administration/injection of 
high-dose Taxol, the BM/PLAT150/CP implant had a significantly 
greater tumor inhibition rate even with a much lower Taxol loading, 
thereby revealing the distinct advantage of localized chemotherapy. In 
addition to local Taxol delivery, the degradation products of Mg-based 
composite implants could also inhibit tumor cells [45]. Studies have 
reported that alkaline environment can induce apoptosis and necrosis of 
tumor cells [46]. Meanwhile, gaseous H2 as a major degradation product 
of Mg can be also deployed as a therapeutic agent to restrain tumor 
growth [47]. Moreover, the abnormal cytoplasmic accumulation of free 
calcium ions (Ca2+), contributed to damage and even cell death in tumor 
cell types by causing mitochondrial dysfunction [48]. Notably, in vitro 
cellular results of MNNG cells treated with BM/PLAT/CP implants 
confirmed that PTX and H2 in combination with Ca2+

overloading-induced mitochondrial dysfunction cooperate with 
chemotherapeutic drug to achieve optimal triple inhibition effect of 
osteosarcoma cells by activating the Cyt-c pathway. 

In our study, the cell viability results of MNNG cells and MC3T3-El 
cells confirmed that high-concentration extract of Mg strongly induced 
cytotoxicity for both tumor cells and osteoblastic cells by changing the 
TME, while low-concentration of which led to scarce tumor cells inhi
bition. Thus, it is vital to appropriately modulate Mg biodegradation to 

balance antitumor activity and bone tissue biocompatibility and 
osteoinductivity. Through facilely adjusting the preparation conditions, 
the thickness and morphology of the coating were optimized to modu
late the release of Mg biodegradation products in a controlled, sustain
able manner. The cell viability of MC3T3-El cells was obviously 
enhanced in BM/CP group. Interestingly, the cell viability of MNNG cells 
decreased markedly in BM/CP and BM/PLAT/CP group. Calcium ions is 
a key factor in multiple cellular processes, including proliferation, 
metabolism, and death [49], it may be also related to the Ca2+ ions level 
of cells (Fig. 5). Kajander et al. showed that Ca stimulated early 
pre-osteoblastic cells migration and motility to promote osteogenesis 
[50]. The CP coating was engineered to enhance corrosion resistance by 
blocking water diffusion and ion attack, while also promoting bioac
tivity [51]. During the initial 14 days of the immersion test, the release 
of Mg2+ was curtailed by the CP coating. Subsequently, the corrosion 
rate of the CP coating accelerated, surpassing that of BM/MgF2, as 
indicated by a significant surge in Mg2+ release. By quantifying the 
degradation product of BM/PLAT/CP implant, the results indicated 
Mg2+, Ca2+ and OH− were released in a much slower and controlled 
manner, resulting in a near-physiological condition with adequate pH, 
Mg2+ and Ca2+ concentration, and osmolality for cell survival and 
proliferation due to the significant protection of PLAT/CP dual coating. 
The controlled release of Mg2+ and Ca2+ had a synergistic effect, which 
was more effective in promoting bone regeneration and repair than the 
use of either Mg or Ca ions alone. Considering these factors, PLAT/CP 
coating also provided a more favorable microenvironment for the sur
vival, proliferation, and function of osteoblastic cells. Overall, the syn
ergistic effect of H2, calcium overload and Taxol as degradation of 
BM/PLAT/CP was demonstrated in tumor-associated bone defect ther
apy, in which the side effects of Taxol release on osteoblastic cells could 
be greatly mitigated, while the inhibition of tumor cells could be 
enhanced by appropriate administration of Mg biodegradation products. 
However, the in vitro cytotoxicity tests were detected without consid
ering elimination of degradable products from implants via body cir
culation in vivo, which might lead to the difference between in vitro and 
in vivo [52]. According to the results in vivo, the elevated osteogenesis 
effect was apparent in BM/PLAT/CP group, as demonstrated in Figs. 7 
and 8 (Micro-CT imaging, histomorphometry analyses and sequential 
fluorescent labeling observation), indicating that the controlled release 
of Mg biodegradation products was beneficial for inducing in vivo bone 
regeneration. 

On the other hand, successful implantation for bone defect repair 
relies on crucial osteointegration between the surface of the implant and 
the remodeling bone [53]. In this work, the BM/PLAT/CP implant 
exhibited advantages in terms of osteointegration over the Ti implant for 
fixation of the femoral intercondylar defect. The bone volume sur
rounding the BM/PLAT/CP implant remained relatively greater than 
that surrounding the Ti implant at each time point. Histological exam
ination also demonstrated mature bone tissue ingrowth around the 
BM/PLAT/CP implants. Recently substantial evidence has demonstrated 
good osteointegration and bone ingrowth around Bio-Mg alloy implants 
[54] or calcium phosphate biomaterials [55]. Thus, the enhanced oste
ogenic differentiation of MC3T3-E1 osteoblastic cells by the 
BM/PLAT/CP implant may be mostly correlated to the bioactivity of 
magnesium and calcium present in the substrate and the coating, which 
contributed to osteoconductivity and osteoinductivity, demonstrated 
with the significant enhancement of in vivo new bone formation. With 
these favorable features, the BM/PLAT/CP implant showed great po
tential as an innovative, superior modality in the combined treatment of 
tumor-induced bone defects, though systematic studies of large-scale 
animal assays and clinical trials in long term are required prior to its 
translation into clinical practice. 

4. Conclusion 

In this study, to treat tumor-associated bone defect, a bifunctional 
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Mg-based composite implant was designed and successfully fabricated 
by incorporating the chemotherapeutic drug Taxol into a PLA/brushite 
coating platform on a Mg alloy implant to combine the beneficial 
properties of magnesium and local chemotherapy. The enhanced effi
cacy of the Mg-based implant strategy was verified through its syner
getic biological functions of antitumor activity and promoted 
osteogenesis both in vitro and in vivo. The excellent chemotherapeutic 
effect of this implant on killing bone tumor cells and restraining tumor 
growth in vivo, was associated with controlled release of degradation 
products of H2 and Ca2+, along with the continuous modulation of TME, 
which effectively synergized the action of the local delivery of chemo
therapeutic drug. Moreover, the well-orchestrated degradation of the 
implant also led to significant enhancement of osteoinductivity and 
boosted bone formation in vivo. Thus, by leveraging controlled degra
dation of the Mg-based implants, it not only assured appropriate 
degeneration of structural integrity throughout the bone healing pro
cess, but also contributed to the desirable bio-functions of promoted 
osteogenesis and tumor suppression, owing to the sustainable release of 
degradation products. Hence, our study demonstrated excellent poten
tial of an innovative multifunctional Mg-based implant modality for 
application in tumor-associated bone defect. 

5. Experimental section 

5.1. Materials and sample preparation 

The bio-Mg-based mixture, which consisted of Mg–Re alloy (abbre
viated as BM), was used as the substrate and was prepared according to 
the previous methods [41]. Poly (D,L-lactic acid) (100,000 Mw) and 
Taxol were obtained from MedChemExpress LLC. (US). All the other 
chemicals and reagents used were of analytical grade. Briefly, 200 mg of 
PLA and Taxol (60 mM) were dissolved in 5 mL of ethyl acetate. The 
preparation was subsequently performed according to previous methods 
[56]. The PLA layer and calcium phosphate (CP) coating were prepared 
sequentially by dip-coating and chemical solution deposition methods, 
respectively, where simple UV activation treatment was applied to the 
PLA layer to enhance the heterogeneous nucleation of CP. Finally, a 
Taxol loading of 2.10 ± 0.10 μg/mm2 was achieved for each sample. The 
resultant BM sample was designated as BM/PLAT/CP, and the BM 
samples coated with calcium phosphate and PLA loaded with Taxol were 
denoted as BM/CP and BM/PLAT, respectively. BM disc specimens were 
subjected to in vitro studies, including extract preparation, immersion 
tests, and cellular response evaluations. BM disk specimens (Ф6 mm × 2 
mm) were used for in vivo antitumor evaluation, and cylindrical speci
mens (Ф3.5 mm × 5 mm) were for in vivo degradation and osteogenesis 
evaluation. 

5.2. Sample characterizations 

The samples were embedded in poly (methyl methacrylate) to obtain 
cross-sections for analysis. The surface and cross-section of the samples 
were ground, starting from 300 to 7000 grits, using SiC paper. The 
samples were subsequently examined under a scanning electron mi
croscope (SEM-EDS, JSM-7800 F Prime, Japan) to assess the coating 
thickness and structure integrity. BM/PLAT/CP was subjected to the 
“Tape Test” in accordance with the ASTM D3359-97 standard proced
ure. A 3 M scotch transparent tape (44 N/100 mm) was utilized to attach 
onto the cross-hatch pattern area on the test specimen followed by a 
quick removal of the tape. The interfacial adhesion level of the coating 
was assessed by comparing the ratio of the defected/detached region to 
the total area of the initial cross-hatch pattern. This resulted in a grading 
scale from 0 B (the least adhesion) to 5 B (the highest adhesion). 

5.3. In vitro degradation of the implant 

The samples were incubated in DMEM (Gibco, USA) at 37 ◦C and 5 % 

CO2 for 60 days. The concentration of Mg2+ in the extract was deter
mined using an inductively coupled plasma atomic emission spectrom
eter (icap6300, USA). Additionally, the pH was measured with a pH 
meter (FE20, Mettler Toledo, Switzerland), and the osmolality was 
assessed via an osmometer (Osmolality 3000, Gonotec, Germany). The 
in vitro biodegradation rate of Mg was meticulously calculated by 
analyzing the weight variances. Upon completion of the immersion test, 
the samples were extracted from the medium and examined using SEM‒ 
EDS. 

5.4. In vitro drug release 

The BM/PLAT/CP construct was carefully immersed in a solution of 
phosphate-buffered saline (PBS, pH = 7.4) with 1.0 % v/v of Tween 20 
within a shaking incubator (120 rpm, 37 ◦C). At specific time intervals, 
2 mL of the medium was meticulously extracted for analysis through a 
UV/Vis spectrophotometer (UH5300, Hitachi, Japan) at the character
istic wavelength of 228 nm, after which the medium was promptly 
replaced with an equal volume of fresh medium. 

5.5. Cellular experiments 

5.5.1. Preparation of extracts 
Aseptic samples were immersed in α-MEM (Gibco, USA), enriched 

with 10 % FBS (Gibco, USA), and incubated for 3 days to procure the 
extracts. The ratio of sample area to medium volume adhered to the ISO 
10993-5 standard and was set at 1.25 cm2/mL. 

5.5.2. Cell adhesion, viability and proliferation assays 
MNNG or MC3T3-E1 cells (1 × 104 cells/well) were seeded in 24- 

well plates containing aseptic samples. The plates were incubated for 
1, 3, or 5 days. Following the incubation period, the adherent cells were 
rinsed with PBS, subsequently stained with a Live/Dead staining kit 
(Thermo Fisher, USA) for 15 min and observed via fluorescence mi
croscopy (IX71, Olympus, Japan). MNNG or MC3T3-E1 cells were 
seeded in a 96-well plate overnight and then incubated with sample 
extracts for 1, 3 or 5 days. The CCK8 assay (DOJINDO, Japan) was used 
to detect the viability and proliferation of MNNG cells. 

5.5.3. Alkaline phosphatase (ALP) expression 
Adherent MC3T3-E1 cells were incubated with sample extracts 

supplemented with 100 nM of dexamethasone (Sigma, USA), 50 μM 
ascorbic acid (Sigma, USA), or 10 mM β-glycerophosphate (Sigma, USA) 
for 7 or 14 days. The ALP activity was measured using pNPP as the 
substrate at 415 nm. The OD values were normalized to the total protein 
concentration (via a BCA Protein Assay Kit). 

5.5.4. Real-time PCR analysis 
The mRNA expression levels of Alp, Opn, Col I, and Runx 2 were 

assessed, with GAPDH serving as the reference gene. In brief, 1 × 104 

MC3T3-E1 cells/well were cultured with the extract for 14 days. Total 
RNA was isolated from the MC3T3-E1 cells using TRIzol reagent 
(Ambion, Life Technologies, USA), and cDNA was synthesized using 
ReverTra Ace-α- (TOYOBO, Japan). The resulting cDNA was subse
quently amplified using SYBR Green Real-time PCR Master Mix 
(TOYOBO, Japan). RT‒PCR analysis was conducted using a CFX96 
Touch RT‒PCR Detection System (Bio-Rad, USA) following the manu
facturer’s protocol. The primer sequences for Alp, Opn, Col I, Runx 2, 
and GAPDH can be found in Table S1. 

5.5.5. Effect of magnesium degradation products on cells 
Extracts of naked BM samples at different dilutions (100 %, 80 %, 50 

%, and 20 % conc.) were prepared to estimate the effect of magnesium 
biodegradation products on cells. MC3T3-E1 or MNNG cells were seeded 
in 96-well plates at a density of 2 × 103 cells/well. The procedure for 
determining cell viability was the same as that described in Section 

Q. Guan et al.                                                                                                                                                                                                                                   

astm:D3359


Bioactive Materials 40 (2024) 445–459

458

5.5.2. 

5.5.6. Measurement of Ca2+ ion levels and mitochondrial dysfunction in 
osteosarcoma cells 

MNNG cells were seeded at a density of 1 × 105 cells/well in a 24- 
well Transwell plate and cultivated with complete α-MEM (1 mL per 
well) in a cell incubator. After 12 h of cell attachment, the sterile sam
ples were placed in the upper chamber of a 24-well plate. After 2 h, the 
mitochondrial membrane potential probe (DOJINDO, Japan) or Ca ion 
probe (Thermo Fisher, USA) was added, the mixture was incubated for 
15 min and rinsed with α-MEM 3 times. Subsequently, the cells were 
detected by fluorescence microscopy (IX71, Olympus, Japan). The mean 
values of fluorescence intensity were obtained by a microplate reader. 

5.5.7. Western blot analysis 
To analyze the underlying anti-tumor mechanisms, MNNG cells were 

incubated in 6-well plates at a density of 2 × 105 cells per well for 12 h, 
and the sterile samples were placed in the upper chamber of a 6-well 
plate. After 24 h, respectively. The expression of Bcl-2 (ab182858, 
1:2000) and Cyt-c (ab133504, 1:5000, Abcam, UK) was analyzed via WB 
(Image Tanon-5200 Multi). 

5.5.8. Measurement of ROS level in MNNGs cells 
MNNGs cells were seeded at a density of 1 × 105 cells/well in 24- 

Transwell plate. After 12 h for cell attachment, the sterile samples 
were placed in the upper chamber of the 24-transwell plate. After in
cubation for 2 h and 24 h, respectively, the culture medium was replaced 
with α-MEM containing 0.1 % DCFH-DA probe, incubated for 15 min, 
and observed with the fluorescence microscope (IX71, Olympus, Japan). 
The mean ROS values were obtained by ImageJ software based on the 
fluorescence intensities. The normalized ROS values were calculated as 
follows: 

Normalized ROS value=Mean fluorescent intensity/Cell number  

5.6. In vivo animal experiments 

5.6.1. Animals 
All animal experiments were performed according to the guidelines 

approved by the Animal Research Committee of the Sixth People’s 
Hospital, Shanghai Jiao Tong University. SD rats (3 months old) and 
BALB/c nude mice (5 weeks old) (Shanghai Sippr-BK Laboratory Animal 
Co. Ltd., Shanghai, China) were used. 

5.6.2. In vivo antitumor evaluation 
BM disc samples from the MNNG osteosarcoma model were sub

jected to in vivo antitumor evaluation. A suspension containing 1 × 107 

of MNNG osteosarcoma cells was subcutaneously injected into BALB/c 
nude mice, which reached a volume of approximately 200 mm3. Sterile 
samples were implanted next to the tumor. The mice were divided into 
five groups (10 mice in each group): control (saline injection), Taxol 
injection (10 mg/kg, intraperitoneal injection), BM/CP implantation, 
BM implant loading ca. 45 μg g of Taxol (BM/PLAT45/CP), and BM 
implant loading ca. 150 μg of Taxol (BM/PLAT150/CP). The tumor 
volume (VTumor) at each time point was calculated according to the 
following formula:  

VTumor = LengthTumor × WidthTumor2/2                                                  

V0 refers to the initial tumor volume. The relative tumor size was 
calculated as VTumor/V0. The nude mice were sacrificed 1 week post- 
surgery. The tumors were obtained, stained with hematoxylin & eosin 
(H&E) and finally examined to visualize the tumor tissue under an op
tical microscope. 

5.6.3. In vivo osteogenesis 
BM cylindrical samples were used for in vivo osteogenic evaluation. 

Bone regeneration was estimated in SD rats by establishing a critical- 
sized femoral defect model. Sterile samples were implanted into the 
created bone defects (Ф3.5 mm × 6 mm). The incisions were closed in 
layers. The polychrome sequential fluorescent labeling method was 
employed to assess new bone formation and mineralization. At 21, 14, 
and 7 days before the animals were sacrificed, fluorochromes were i. p. 
administered in a specific sequence of 20 mg/kg calcein, 30 mg/kg 
alizarin red S and 25 mg/kg tetracycline hydrochloride (Sigma‒Aldrich, 
USA), respectively. As an accurate analyzing technique, micro-CT was 
performed to evaluate bone defect healing and in vivo degradation. 3D 
images were reconstructed based on 2D microtomography images using 
Amira (Visualization Science Group, USA). 

SD rats were sacrificed at 8, 12, and 16 weeks post-surgery. After 
micro-CT analysis, femur specimens were dehydrated, embedded, cut 
into 150 μm-thick sections and polished to obtain a final thickness of 
~50 μm. CLSM (Leica, TCS SP8 STED 3X, Germany) was used to observe 
the fluorescence. The sections were then counterstained with Van Gie
son’s picrofuchsin, and the mineralized bone tissue was examined under 
an optical microscope. The images were analyzed using ImageJ (version 
6.0). The percentage of bone-implant contact ratio (BIC) was determined 
as follows: 

BIC= bone contact length/implant length within one pitch × 100%  

5.6.4. In vivo degradation 
Micro-CT was conducted to detect the degradation of the BM-based 

samples in rats according to the volume loss. The residual volumes of 
the BM-based samples at 8, 12, and 16 weeks post-surgery were calcu
lated via 3D remodeling through the use of a threshold of gray values. 

5.7. Statistical analysis 

All data were expressed as mean ± standard deviation from at least 
three independent experiments. The results were analyzed via Student’s 
t-test or ANOVA using SPSS software vc9 (IBM, USA). p < 0.05 was 
considered to be statistically significant. 
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