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A B S T R A C T

The recurrence of osteosarcoma (OS) after reconstruction using Ti6Al4V prostheses remains a major problem in
the surgical treatment of OS. Modification of the surfaces of Ti6Al4V prostheses with antitumor functions is an
important strategy for improving therapeutic outcomes. Magnesium (Mg) coating has been shown to be multi-
functional: it exhibits osteogenic and angiogenic properties and the potential to inhibit OS. In this study, we
determined the proper concentration of released Mg2þ with respect to OS inhibition and biosafety and evaluated
the anti-OS effects of Mg-coated Ti6Al4V scaffolds. We found that the release of Mg2þ during short-term and long-
term degradation could significantly inhibit the proliferation and migration of HOS and 143B cells. Increased cell
apoptosis and excessive autophagy were also observed, and further evidence of AMPK/mTOR/ULK1 signaling
pathway activation was obtained both in vitro and in vivo, which suggested that the biofunctional scaffolds induce
OS inhibition. Our study demonstrates the ability of an Mg coating to inhibit OS and may contribute to the further
application of Mg-coated Ti6Al4V prostheses.
1. Introduction

Osteosarcoma (OS), the most common primary malignant tumor of
bone among children and adolescents, exhibits a high degree of malig-
nancy and a high rate of recurrence [1]. Reconstruction using titanium
alloy (Ti6Al4V) prostheses after limb-salvage treatment is the main sur-
gical therapy for OS [2]. However, the high rate of local recurrence,
which is 30%–40% within 3 years after treatment, remains a major
problem experienced by orthopedic oncologists, and the causes of OS
recurrence remain unknown [3,4]. Recent studies have shown that a
considerable factor involved in recurrence is the long-term in vivo im-
plantation of Ti6Al4V prostheses [5,6]. The ions (titanium, aluminum,
and vanadium) and particulate fragments released during implantation
react with the surrounding normal tissue to induce chronic inflammation
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around the prostheses over time. This continuous microenvironment can
promote the reproliferation of OS cells in the cancerous area around the
prosthesis, which, in turn, increases the risk of tumor recurrence [7].

Magnesium (Mg) is considered a revolutionary bioactive metal due to
its degradability and the multiple biological functions of its degradation
products [8]. Many studies have shown that Mg degradation products are
not cytotoxic, do not induce a foreign body reaction, and are essential
elements for the human body [9–11]. In recent years, Mg2þ ions pro-
duced during degradation have also been found to inhibit the growth of
tumor cells. Studies have shown the clear inhibitory effect of Mg on
breast cancer [12] and ovarian tumors [13], and Mg can inhibit the
proliferation and promote the apoptosis of OS cells [14–16]. Although
the tumor-inhibiting effect of Mg2þ ions has been verified, the specific
mechanisms remain not well understood. The antitumor effect of Mg is
uozheng@fmmu.edu.cn (Z. Guo).
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related to the local concentration of released Mg2þ ions. Although the
excessive release of Mg2þ ions can inhibit tumor cells, normal cells,
including mesenchymal stromal cells (MSCs), and endothelial progenitor
cells (EPCs), can also be effectively suppressed [17]. The proper con-
centration of released Mg2þ ions should be carefully defined and
controlled prior to application, and the application of Mg-based pros-
theses is limited by rapid corrosion and insufficient mechanical strength
[10].

Considering the outstanding bioactivity of Mg and the strong me-
chanical strength of Ti6Al4V, some recent studies have effectively com-
bined these twometallic materials to generate composites [18,19]. In our
previous study, a Mg coating was successfully deposited on the surface of
Ti6Al4V scaffolds, and the coated scaffolds significantly promoted
angiogenesis and osteogenesis in vitro and in vivo [20,21]. Further in-
vestigations indicated that the Mg coating could also inhibit OS; hence,
Mg-coated Ti6Al4V prostheses may reduce the probability of OS recur-
rence after implantation. However, the molecular mechanism has not
been defined, which restricts the further application of Mg-coated
Ti6Al4V prostheses against OS. Variations in the concentration of sus-
tainably releasedMg2þ ions may exert multiple effects on the metabolism
and proliferation of OS cells, which is a crucial problem for the clinical
use of biodegradable materials.

A growing number of studies have shown that autophagy induction
can promote OS cell death [22–24]. Basal autophagy can help cells adapt
to various adverse environments, but excessive autophagy activates
programmed cell death, termed ‘autophagy-dependent apoptosis’ [25,
26]. Additionally, many metal cations are closely related to cellular
autophagy [27]. Potassium ions [28], ferric ions [29], copper ions [30],
and zinc ions [31] can promote autophagy-dependent apoptosis in tumor
cells through different mechanisms. Because Mg is a ubiquitous element
in organisms, the local aggregation of Mg ions may also impact the
progression of autophagy and subsequently trigger apoptosis in OS cells.
Specific studies aiming to determine whether Mg2þ ions can trigger
autophagy and the signaling pathways through which this effect is
induced are needed.

In this study, we defined the optimal Mg2þ concentration for inhib-
iting four OS cell lines (HOS, 143B, SAOS2, and U2OS).We then designed
modified Mg-coated Ti6Al4V scaffolds to achieve the proper release of
Mg2þ ions and investigated the anti-OS effects of the scaffolds in vitro and
in vivo. To further elucidate the specific mechanism through which the
Mg coating exerts its antitumor effect, we also explored whether Mg2þ

ions affect apoptosis by promoting autophagy in OS cells and the specific
signaling pathways activated during this process. Through the present
study, we hope to fully investigate the properties of Mg-coated Ti6Al4V
scaffolds and provide a better prosthetic manufacturing solution for
postoperative reconstruction following OS in the future.

2. Methods

2.1. Mg coating deposition on porous Ti6Al4V scaffolds

Porous Ti6Al4V scaffolds were manufactured by electron beam
melting (EBM) 3D printing. Briefly, an STL model of the scaffolds was
transferred into an EBM machine. A thin layer of medical-grade Ti6Al4V
powder was preheated to 650 �C to generate a cross-section layer by
electron beam scanning under vacuum conditions (10�4

–10�5 mbar).
This progress was repeated layer by layer until completion. The fabri-
cated Ti6Al4V scaffolds exhibited 68 � 5% porosity with a pore size of
710 � 42 μm.

Mg coatings were deposited on 3D-printed porous Ti6Al4V scaffolds
by multiarc ion plating using manufacturing procedures according to our
previous research [20]. In brief, the surface of porous Ti6Al4V scaffolds
was used to bombarded and sputtered with highly pure Mg (99.99%).
During this process, the constant target arc current was 50 A, with
PAr ¼ 3.5 � 10-2 Pa for 5 min. The current density used in the negative
bias voltage application was in the range of 0.12–0.16 A. During
2

deposition, a pulsed power source superimposed a negative pulse bias to
the substrates (pulse bias magnitude Up ¼ 100 V, pulse frequency
f¼ 30 kHz, and duty ratio D¼ 40%). A constant two-arc source current of
0.1 A was maintained. During deposition, the distance between Ti6Al4V
samples and the cathode arc target was 400 mm, and the total deposition
time was 60 min. The sputtering temperature of the titanium alloy was
maintained at 235 �C.

2.2. Mg2þ release and pH testing

The samples were immersed in D-Hank’s solution (Mg2þ free) for 30
days at 37 � 0.5 �C with an immersion ratio of 0.2 g/mL to obtain Mg-
coated Ti6Al4V scaffolds according to ISO 10993–12. Every 3 days
(every day for the first 6 days), the solutions were refreshed to simulate in
vivo conditions. Each time the extracts were collected, the pH value was
tested and recorded, and the released Mg2þ ions were estimated by
inductively coupled plasma-optical emission spectrometry (ICP-OES,
ICAP7400, Thermo Scientific). All the tests were repeated in triplicate for
each group and at each time point.

2.3. Surface characterization

The surface morphology of the Mg-coated surface was detected after
0, 3, 6, and 21 days of Mg2þ release by scanning electron microscopy
(SEM) (S-4800, Hitachi), and the composition of the coating was
analyzed by energy-dispersive X-ray spectroscopy (EDS). For improving
the electrical conductivity of the materials, the Mg-coated Ti6Al4V
scaffolds were fixed on trays with a conductive adhesive, and Pt was
sprayed on both sides of the samples using an E�1010 ion sputter coater
(SuPro Instruments).

2.4. Cell culture

The human OS cell lines HOS, 143B, SAOS2, and U2OS, which were
purchased from the China Center for Type Culture Collection, were
cultured in Dulbecco’s modified Eagle medium (DMEM, HyClone) sup-
plemented with 10% fetal bovine serum (FBS, IC-1900, InCellGene LLC.)
and 1% penicillin-streptomycin under conditions of 95% humidity, 5%
CO2 and a constant temperature of 37 �C.

2.5. Mg concentrations used for OS cell culture

The basal Mg2þ concentration in complete DMEM was 0.8 mM. The
medium was supplemented with sterile MgCl2 was used to obtain con-
ditional complete DMEM with an Mg2þ concentration of 5 mM, 10 mM,
15 mM, and 20 mM.

2.6. Preparation of the coculture system for in vitro experiments

Coculture experiments were conducted using Transwell chambers
(pore size, 0.4 μm; Corning). After sterilization by exposure to Co60 ra-
diation for 72 h, the scaffolds were set in the upper chamber of the
coculture system and immersed in pure complete DMEM (pM) according
to ISO 10993–12 (Fig. 3A). Before seeding OS cells in the bottom, the
Ti6Al4V scaffolds were incubated under cell culture conditions for 30
days (denoted ‘Ti’), and the Mg-coated Ti6Al4V scaffolds were incubated
for 3 days and 30 days (denoted ‘MgA’ and ‘MgB,’ respectively).

2.7. Assessments of cytotoxicity and cell proliferation

OS cells were seeded on 96 plates at a density of 1 � 103 per well and
cultured in conditional complete DMEM for 1–5 days. At 0 h and 1.5 h
after the addition of 10% CCK-8 reagent from a kit (Dojindo), the
absorbance at 450 nm (Ab450) was measured using a microplate reader
(Biotek Synergy H1). For the assessment of cell proliferation and cyto-
toxicity under different conditions, the cell viability was calculated using



X. Wei et al. Materials Today Bio 12 (2021) 100147
the following formula:

ΔAb450 ¼ Ab450 at 1:5 h � Ab450 at 0 h

cell viability ¼ ΔAb450 of experimental group
ΔAb450 of control

After 48 h of coculture, cytotoxicity was investigated by live/dead
assays. Briefly, the same volume of CytoCalcein™ Green/Propidium Io-
dide dye-work solution from the Live or Dead™ Cell Viability Assay Kit
(AAT Bioquest) was added to each well. The cells were then incubated at
37 �C for 1 h and washed with phosphate buffered saline (PBS), and the
green/red dual fluorescence was then captured by fluorescence micro-
scopy (Axio Observer, Carl Zeiss).

2.8. Cell apoptosis

The apoptosis rates of OS cells in different groups were analyzed after
48 h of coculture. Annexin V-FITC/propidium iodide (PI) double staining
and flow cytometry were used for the detection of apoptotic cells. Briefly,
1 � 106 cells from each sample were resuspended in 1 mL of complete
medium containing Annexin V-FITC (50 μL). After 10 min of incubation
in the dark, binding buffer (1.5 mL) and PI (15 μL) were added. The
samples were immediately assessed by flow cytometry (FACS Vantage
SE, BD Biosciences). The enzyme activity of caspase-3 in the cell lysates
was detected by a spectrophotometric assay (Solarbio). Briefly, the
cocultured cells in the different groups were collected and washed with
PBS. After the addition of 150 μL of cell lysis buffer and incubation for
15 min on ice, the cell lysate was centrifuged, and the supernatant was
collected. Subsequently, 50 μL of the sample solutions was mixed with
40 μL of buffer and 10 μL of Ac-DEVD-pNA (2 mM) to form a 100-μL
reaction system. The absorbance of the samples and blank control at
405 nm (A405) were measured. pNA in the samples was then calculated
by comparing the ΔA405 values with the pNA standard curve. A One-
Step TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end-labeling) fluorescent kit (Beyotime) was also used for the
detection of apoptotic cells. After permeabilization with 0.1% Triton X-
100, the cocultured cells were stained with a fluorescein isothiocyanate
(FITC)-labeled TUNEL Kit for 1 h at 37 �C. The TUNEL-positive cells were
then captured by fluorescence microscopy (Axio Observer, Carl Zeiss).

2.9. Plate cloning assay

Single-cell suspensions were prepared by collecting cells from each
group at the logarithmic phase of growth. Each group of cells was seeded
at a density of 200 cells per dish, and the dishes were gently shaken to
evenly disperse the cells. After coculture of the cells belonging to the
different groups for 14 days, the dishes were washed twice with PBS, and
the cells were then fixed with 4% paraformaldehyde for 15 min and
subjected to crystal violet staining to observe and count the clones.

2.10. Cell immigration and invasion assays

Wound healing and Transwell assays were performed for the evalu-
ation of cell migration and invasion, respectively. Briefly, when the
density of the cocultured OS cells reached 90–95%, a straight line
through the middle of the cells was scratched in each well. After 0 or
24 h, images were collected using an inverted microscope, and the dis-
tance between the two edges of each wound was calculated using Image-
Pro Plus 6 software. For the Transwell assays, the positions of the OS cells
and scaffolds in the coculture system were swapped. The OS cells were
resuspended in serum-free DMEM and seeded in Matrigel-coated Trans-
well chambers (pore size, 8 μm; Corning) at a density of 1 � 105/mL,
whereas the scaffolds were preincubated at the bottom. After coculture
for 24 h, the cells inside the Transwell chambers were removed with a
cotton swab, and the cells that had migrated outside were fixed with 4%
3

paraformaldehyde, stained with 0.5% crystal violet, and observed by
light microscopy (Cx21, Olympus, Japan).

2.11. Immunofluorescence (IF) analysis of LC3

After coculture for 48 h, HOS and 143B cells were fixed in 4%
paraformaldehyde and then incubated with primary antibody against
LC3 (microtubule-associated protein 1A/1B-light chain 3, Proteintech,
14600-1-AP) overnight at 4 �C and then with a fluorescent secondary
antibody (Abbkine, A23420) for 1 h. Images of LC3 puncta were captured
by fluorescence microscopy (Axio Observer, Carl Zeiss) under laser
excitation, and the number of puncta were counted using Image-Pro Plus
6 software.

2.12. Autophagic flux detection

The autophagic flux in the cells was tracked using mCherry-GFP-
labeled LC3 (Hanbio Biotechnology, AP20101508) as previously re-
ported [32]. The 143B and HOS cells were transfected with
mCherry-GFP-LC3 adenovirus for 6 h and then cocultured in different
groups for 48 h mCherry-GFP-LC3 expression and tracked and captured
by fluorescence microscopy under laser excitation. The mCherry and GFP
dots were then counted using Image-Pro Plus 6 software.

2.13. TEM images of autophagosomes

143B and HOS cells were cocultured in the different groups and
collected after 48 h. The samples were then fixed with glutaric dia-
ldehyde and osmic acid. The samples were dehydrated with an ethanol
gradient and dried with propylene oxide to prepare ultrathin sections.
Images of the sections of fixed cells were then captured by transmission
electron microscopy (TEM, JEM-1400Flash) at a magnification of
10,000�.

2.14. Western blot assay

Cocultured OS cells belonging to the different groups were lysed with
radioimmune precipitation assay (RIPA) buffer and centrifuged at 12,000
RPM (revolutions per minute) for protein collection. Total protein was
quantified with a BCA Protein Assay Kit (Thermo Scientific, 23,227).
Each sample was then loaded on 8–12% SDS-PAGE gels to separate the
proteins, and the proteins were transferred to a PVDF membrane. The
membrane was incubated with primary antibodies overnight and a sec-
ondary antibody for 1 h (Supplementary 1). An ultrasensitive lumines-
cent solution was then used for the detection of the proteins on the
membrane. The greyscale values from the Western blot images were
analyzed using ImageJ 1.52v software.

2.15. Inhibition of autophagy-related apoptosis

Chloroquine (CQ, Sigma, C6628) and 3-methyladenine (3-MA, Sigma,
M9281) were used to inhibit autophagy in 143B and HOS cells cocul-
tured with the samples, respectively. The concentration of CQ in the
culture medium was 20 μM, and the concentration of 3-MA was 10 mM.
IF staining of LC3 (described in section 2.11), autophagic flux detection
(described in section 2.12), and TEM (described in 2.13) were performed
to confirm the inhibition of autophagy. The cell apoptosis rates in the
control and autophagy-inhibited groups were then measured by flow
cytometry as described in section 2.8.

2.16. Detection of the AMPK-mTOR-ULK-1 pathway

The AMPK (adenosine 50-monophosphate (AMP)-activated protein
kinase), mTOR (mammalian target of rapamycin), and ULK1 (unc-51 like
autophagy activating kinase 1) proteins and their phosphorylation in the
different groups were detected by Western blot analysis. Compound C
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(10 μM, MCE, HY13418) was added to the coculture system to inhibit
AMPK. The expression of downstream proteins was then detected by
Western blot analysis, and IF staining of LC3 was performed to assess
autophagy as described in section 2.11.
2.17. Verification of anti-OS activity in vivo

Twelve six-to eight-week-old nude (nu/nu)micewere purchased from
the FMMU Experimental Animal Center. All experimental procedures
were approved by the Ethics Committee of FMMU. A cell suspension
containing 2� 106 143B cells was subcutaneously injected into the backs
of the nude mice to establish OS model mice. When the diameters of the
tumors reached approximately 3 mm, the extracts from each group were
injected into the subcutaneous tissue in the vicinity of the tumorigenic site
every three days to simulate the degradation of bioactive scaffolds near
sites of OS in vivo. The extracts of the samples were previously collected as
described in section 2.2. ‘Ti’ denotes the extracts of Ti6Al4V scaffolds at
Fig. 1. Effects of Mg2þ release on the viability and apoptosis of OS cells. (A) Mg2

cells cultured in conditioned medium containing different concentrations of Mg2þ io
following Annexin V-PE/PI staining. n ¼ 3; *p < 0.05; **p < 0.01. (D) TUNEL stain

4

30 days; ‘MgA’ and ‘MgB’ denote the extracts of Mg-coated Ti6Al4V
scaffolds at 3 days and 30 days; D-Hank’s solution was used as a control.
Before each injection and until 30 days after the first injection, the length
(L) andwidth (W) of the tumorweremeasured and recorded. The volumes
(V) of the tumors were then calculated using the formula V ¼ LW2. After
anesthesia, the tumor-bearing mice were sacrificed, and the intact tumors
were collected and used for IF and TUNEL staining for the analysis of
apoptosis. Briefly, the tumors were dehydrated with an ethanol gradient
and embedded in paraffin. Subsequently, 5-μm-thick sections were pre-
pared, and tumor inhibition was evaluated by IF staining and TUNEL
apoptosis staining. The sections were also subjected to hematoxylin-eosin
(HE) staining to observe the histopathologic differences between groups.
2.18. Statistical analysis

All statistical results were analyzed using GraphPad Prism software
version 8.2 (GraphPad, San Diego, US). The student’s t-test was used to
þ release during the biodegradation of Mg metal. (B) Viabilities of HOS and 143B
ns. (C) Apoptosis rates of HOS and 143B cells were analyzed by flow cytometry
ing of HOS and 143B cells. TUNEL-positive cells are stained green.
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compare two groups, and one-way analysis of variance (ANOVA) was
used for the statistical analysis of multiple comparisons with Tukey’s post
hoc test. All statistical values obtained in this study are shown as the
means � standard errors of the measurements (SEMs). A difference was
considered statistically significant if p-value < 0.05 (*p < 0.05 and
**p < 0.01).

3. Results

3.1. Mg2þ at appropriate concentrations could effectively inhibit OS cell
viability and promote OS cell apoptosis

The viability and apoptosis rates of 143B and HOS cells cultured
with 0.8 mM (control), 5 mM, 10 mM, 15 mM, or 20 mM Mg2þ are
shown in Fig. 1. In the presence of an Mg2þ concentration higher than
(or equal to) 10 mM, the viability of the OS cells decreased with in-
creases in the culture time. In addition, OS cells were more effectively
inhibited by treatment with Mg2þ at relatively high concentrations
(15 mM and 20 mM). The numbers of apoptotic OS cells detected by
flow cytometry and TUNEL staining were also clearly in the groups
treated with 15 mM and 20 mM Mg2þ. Similar trends of cell viability
and apoptosis were also observed with the other OS cell lines (SAOS2
and U2OS, Supplementary 2).
Fig. 2. Progressive Mg2þ release during surface degradation of the Mg-coated T
the elemental composition of the Mg-coated Ti6Al4V scaffolds before degradation wa
scaffolds during immersion were examined by SEM. (C) Mg2þ release and variation
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3.2. Characteristics of the biofunctional Ti6Al4V scaffolds and progressive
Mg2þ release curves

Before degradation, the Mg coating showed a uniform granular shape,
and elemental analysis showed that Mg was the dominant element
(Fig. 2A). After degradation for 3 days, the granular structure at the
surface exhibited fine pores and cracks. After 6 days of degradation, a
relatively tight structure and more obvious cracks were observed on the
surface of the Ti6Al4V scaffolds. After approximately 3 weeks (21 days)
of degradation, the surface of the Ti6Al4V scaffolds exhibited larger
coating particles with large cracks on the surface of the particles
(Fig. 2B). The Mg2þ release curve showed that a relatively high and
sustained concentration of Mg2þ (20–25 mM) could be rapidly obtained
from the scaffolds. Although the pH value increased with the rapid
release of Mg2þ at the early stage of degradation, this value soon stabi-
lized to the same level observed with the Ti6Al4V scaffolds (Fig. 2C).

3.3. The Mg-coated Ti6Al4V scaffolds suppressed the proliferation and
invasion of OS cells

OS cells were cocultured with preincubated scaffolds, as shown in
Fig. 3A. The proliferation of 143B and HOS cells in the MgA and MgB
groups was significantly lower than that of the cells in the pM and Ti
i6Al4V scaffolds. (A) Surface morphology was examined by SEM (3000x), and
s analyzed by EDS. (B) The different surface morphologies of Mg-coated Ti6Al4V
s in pH after immersion of the Mg-coated Ti6Al4V scaffolds.



Fig. 3. Effects of the Mg-coated Ti6Al4V scaffolds on the proliferation, migration, and invasion of 143B and HOS cells. (A) Schematic diagram showing OS cell
coculture with the scaffolds. (B) CCK-8 assay analysis of 143B and HOS cell proliferation after 0, 24, 48, 72, and 96 h. (C) Live/dead viabilities of 143B and HOS cells
cocultured for 48 h (live cells are stained green, and dead cells are stained red). (D) Images and (E) colony numbers were obtained from the plate cloning assay after 14
days. n ¼ 3; **p < 0.01. (F) Images of wound healing and (G) invasion assays with 143B and HOS cells cocultured in the different groups. (H) The rates of wound
repair and (I) numbers of migrated cells were analyzed. n ¼ 3; *p < 0.05; **p < 0.01.
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groups, as shown in Fig. 3B. Furthermore, the live/dead staining results
shown in Fig. 3C indicated that increased levels of 143B and HOS cell
death in the MgA and MgB groups. The results from the plate cloning
experiments are shown in Fig. 3D and E; for the two OS cell lines, fewer
clones were obtained in the MgA and MgB groups than in the pM and Ti
groups after 14 days of coculture. The results from the wound healing
and Transwell assays are shown in Fig. 3F and G. After 24 h of coculture,
the scratches in the MgA and MgB groups of the two OS cell lines were
significantly wider than those in the pM and Ti groups, and the differ-
ences between the Ti and pM groups were not significant (Fig. 3H).
Compared with the results found for the pM and Ti groups, fewer cells in
6

the MgA and MgB groups passed through the Transwell membrane into
the lower layer, and the differences between the Ti and pM groups were
not significant (Fig. 3I).
3.4. The Mg-coated Ti6Al4V scaffolds increased OS cell apoptosis

As shown in Fig. 4A and B, the percentages of apoptotic cells in the
MgA and MgB groups were significantly higher than those in the pM
group, but no significant difference was found between the Ti and pM
groups. Additionally, after 48 h of coculture, the caspase-3 enzyme



Fig. 4. The Mg-coated Ti6Al4V scaffolds increased the apoptosis of 143B and HOS cells. (A) Results from the flow cytometric analysis of cell apoptosis following
Annexin V-PE/PI staining. (B) The proportions of apoptotic cells were determined. n ¼ 3; **p < 0.01. (C) Caspase-3 activity in 143B and HOS cells was detected after
48 h n ¼ 3; **p < 0.01. (D) Western blot analysis of Bcl-2, PARP, and cleaved PARP levels in 143B and HOS cells after 48 h. (E) The relative expression levels were
examined by greyscale analysis. n ¼ 3; *p < 0.05; **p < 0.01.
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activities in the MgA and MgB groups were significantly higher than
those in the pM and Ti groups (Fig. 4C), and this finding was obtained for
both OS cell lines. The Western blot analysis (Fig. 4D and E) showed that
Bcl-2 expression was decreased in the MgA and MgB groups compared
with the pM group, and the ratios of cleaved PARP to PARP were
increased in the former groups. The Bcl-2 and cleaved PARP expression
levels in the Ti and pM groups of HOS and 143B cells were the same.
Fig. 5. The Mg-coated Ti6Al4V scaffolds induced an increased level of autoph
analysis of LC3 puncta in 143B and HOS cells cocultured for 48 h (red; the cells we
microscopy of autophagosomes in 143B and HOS cells. (C) Fluorescent inverted mi
48 h. (D) The relative LC3B and p62 expression levels were detected by Western blo
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3.5. The Mg-coated Ti6Al4V scaffolds enhanced autophagy in apoptotic
cells

The results from the IF staining of LC3B in HOS and 143B cells are
shown in Fig. 5A. The number of red puncta in the figure indicates the
levels of LC3 protein aggregation and activation. More red puncta were
clearly observed in the MgA and MgB groups than in the pM and Ti
agy in apoptotic 143B and HOS cells. (A) Fluorescent inverted microscopy
re counterstained with DAPI to show nuclei in blue). (B) Transmission electron
croscopy of GFP-mCherry-LC3 adenovirus-transfected 143B and HOS cells after
t analysis and determined by greyscale analysis. n ¼ 3; *p < 0.05; **p < 0.01.
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groups (Supplementary 3A). The TEM results also showed that the MgA
and MgB groups exhibited more autophagic vesicles with a bilayer
membrane structure than the pM or Ti group (Fig. 5B, red triangles,
Supplementary 3C). The autophagic fluxes in the different groups of HOS
and 143B cells are shown in Fig. 5C. Red mCherry signals and green GFP
signals were captured in different channels, and the two channels were
fused to show the distributions of autophagosomes (yellow dots in the
merged images) and autophagolysosomes (red dots in the merged im-
ages). In the pM and Ti groups, few yellow or red dots were observed,
which indicated a low level of autophagy. In the MgA and MgB groups,
aggregated yellow and red fluorescent dots were observed in the merged
Fig. 6. The inhibition of autophagy alleviated 143B and HOS cell apoptosis i
cocultured with the Mg-coated Ti6Al4V scaffolds (MgB) in the presence or absence
established as controls. LC3 puncta formation was captured by fluorescence inverte
Autophagic flux detection in 143B and HOS cells. (D) Flow cytometry analysis of 14
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images (Supplementary 3B). After 48 h, a Western blot analysis (Fig. 5D)
showed that the expression of LC3B-II and the ratio of LC3B-II to LC3B-I
were significantly higher in the MgA and MgB groups than in the pM and
Ti groups.

3.6. The inhibition of autophagy attenuated OS cell apoptosis induced by
the Mg-coated Ti6Al4V scaffolds

The autophagy inhibitors 3-MA and CQwere used to inhibit autophagy.
The results from the LC3 IF staining of cocultured HOS cells and 143B cells
after autophagy inhibition are shown in Fig. 6A.No significant difference in
nduced by the Mg-coated Ti6Al4V scaffolds. (A) 143B and HOS cells were
of 10 mM 3-MA or 20 μM CQ; pM and inhibitor groups without scaffolds were
d microscopy. (B) TEM images of autophagosomes in 143B and HOS cells. (C)
3B and HOS cell apoptosis after coculture. n ¼ 3; *p < 0.05; **p < 0.01.
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LC3 fluorescent protein aggregation was found between the pM and 3-MA
groups, and significantly higher levels of LC3 expression and aggregation
were observed in the cells belonging to the CQ and MgB groups. LC3
expression in theMgB group was significantly reduced after the addition of
the autophagy inhibitor 3-MA, whereas LC3 aggregation was enhanced
after the addition of CQ (Supplementary 3E). The same trends were also
observed inTEMimages (Fig. 6B, Supplementary3D).The additionof3-MA
to the MgB group decreased the number of autophagic vesicles. The auto-
phagic fluxes shown in Fig. 6C demonstrate that 3-MA could inhibit the
formation of autophagosomes and autophagolysosomes. The number of
autophagosomes increased after the addition of CQ (Supplementary 3F). As
shown in Fig. 6D, no difference in the level of apoptosis was found between
the pM, 3-MA, and CQ groups, but the apoptosis rates were significantly
increased in theMgBgroup and significantly decreased after addition of the
autophagy inhibitors 3-MA and CQ.
3.7. The AMPK/mTOR/ULK-1 pathway was involved in autophagy-
dependent apoptosis induced by the Mg-coated Ti6Al4V scaffolds

Western blot analysis of autophagy-related proteins showed that the
MgA and MgB groups presented significantly higher levels of
Fig. 7. The Mg-coated Ti6Al4V scaffolds induced autophagy-dependent apop
pathway. (A) Western blot analysis of phosphorylated AMPK, mTOR, and ULK1 in res
and ULK1 in the MgB group after treatment with compound C. The relative phosphory
formation in the MgB group with or without AMPK inhibition.
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phosphorylated AMPK and ULK-1 and significantly lower levels of
phosphorylated mTOR than the pM and Ti groups, as shown by greyscale
analysis (Fig. 7A). The addition of compound C, an AMPK inhibitor, to
the MgB group restored the phosphorylated mTOR and ULK-1 levels
(Fig. 7B). LC3 fluorescence staining showed that the addition of com-
pound C significantly reduced the expression of LC3 in 143B and HOS
cells belonging to the MgB group (Fig. 7C, Supplementary 3G).
3.8. In vivo verification of the anti-OS effects of the biofunctional Mg-
coated Ti6Al4V scaffolds

The tumor volume growth curves are shown in Fig. 8A. The MgA and
MgBgroups presented slower tumor growth comparedwith the control and
Ti groups. The tumor volumes in the different groups after 30 days are
shown in Fig. 8B. The average tumor volumes in the Ti group were lower
than those in the control group, but the difference was not significant. The
average tumor volumes in the MgA and MgB groups were significantly
lower than those in the control and Ti groups (p< 0.01). Autophagy-related
and apoptosis-relatedmarkerswere investigated by IF and TUNEL staining,
and the results are shown in Fig. 8C. More TUNEL-positive cells were
observed in theMgAandMgB groups than in the control and Ti groups, and
tosis in 143B and HOS cells through the AMPK/mTOR/ULK1 signaling
ponse to different treatments. (B)Western blot analysis of phosphorylated mTOR
lated protein expression level was quantified. n ¼ 3; **p < 0.01. (C) LC3 puncta



Fig. 8. Anti-OS effects of the Mg-coated Ti6Al4V scaffolds in vivo. (A) Tumor growth in tumor-bearing mice treated with different extracts. (B) Images and
calculated volumes of harvested tumors after 30 days. n ¼ 3; **p < 0.01. (C) TUNEL staining (apoptotic cells shown in red) and histological IF staining of Bcl-2, p62,
LC3, p-AMPK, p-mTOR, and p-ULK1 in tumor sections (red indicates positive expression; the nuclei were stained blue by DAPI). (D) HE staining of tumor tissues.
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the results from a histological IF analysis showed that the expression of the
Bcl-2 protein, which inhibits apoptosis, was significantly decreased in the
former groups. The expression of LC3 was upregulated, and the expression
of the p62 protein was decreased, which indicated enhanced autophagy in
tumors. Furthermore, the expression of p-AMPKα and p-ULK1 was
increased, and the expression of phosphorylated mTOR was decreased,
which suggested that the in vivo mechanism of tumor inhibition was
consistent with the in vitro results. Histopathology images of tumor tissues
obtainedbyHEstaining are shown inFig. 8D.TheOS cells in the control and
Ti groups were tightly arranged and showed deep-blue staining and
vigorous growth. In theMgAandMgBgroups, a large areaof necrotic tumor
cells with red staining was observed, and the remaining tumor cells in the
adjacent necrotic area were loosely arranged and showed dissolved nuclei
and inconspicuous cytoplasmic staining.

4. Discussion

As a classic type of orthopedic implant, Ti6Al4V prostheses are widely
used for the treatment of large bone defects. Althoughmany other titanium
alloys, such as Ti–Nb alloys [33], exhibit excellent mechanical properties
and biocompatibility, Ti6Al4V remains indispensable for clinical applica-
tions and bone tissue engineering [34]. In recent years, porous Ti6Al4V
scaffolds have attractedmore attention due to their low overall modulus of
10
elasticity, excellent mechanical properties, and good ingrowth of new bone
[35]. However, the excellent postoperative recovery achieved by the use of
Ti6Al4V prostheses for reconstruction after OS resection can be easily
eliminated by the local recurrence of OS. Therefore, the development of
functional anti-OS materials is needed. Implants composed of Ti6Al4V do
not show this property due to their low bioactivity. Ions and microfrag-
ments released during biological corrosion may even increase the risk of
recurrence [5,6]. Therefore, the integration of anti-OS activity intoTi6Al4V
scaffolds is crucial for their clinical application in limb salvage therapy.

Surface modifications with antitumor coatings are important strate-
gies for optimizing Ti6Al4V scaffolds. A coating with antitumor drugs,
such as doxorubicin, PD-L1, and other targeted drugs, has been found to
be effective [36–38]. Unfortunately, due to the surface inertness of tita-
nium alloys, the direct binding of drugs on their surface is difficult.
Although pretreatments, such as dopamine coating, can bind the drug on
the surface of the material, shortcomings such as a low dose-loading
capacity and poor drug release have also been observed, which makes
clinical application difficult. In contrast, the application of metallic
coatings, such as Zn, Gu, Ni, and Ag, to Ti6Al4V surfaces is markedly
easier [39–41]. In our research, the surface of Ti6Al4V scaffolds was
successfully coated with Mg [20,21]. Mg, an excellent biodegradable and
bioactive metal, can perform multiple biological functions through Mg2þ

ion release during degradation [42]. In recent years, the tumor-inhibiting
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effects of Mg have received extensive attention. Yangmei Chen et al.
confirmed that Mg metal could inhibit breast carcinoma in vivo [12].
Shuang Qiao et al. reported that Mg wires could suppress the growth of
ovarian tumors and promote apoptosis [13]. Some studies have also
revealed that Mg and its alloys exert excellent inhibitory effects on the
proliferation and metastasis of OS [43]. Mei Li et al. found that Mg could
strongly inhibit cell adherence, affect cell morphology and decrease the
number of MG-63 cells [14]. Rui Zan et al. found that excessive Mg2þ and
reactive oxygen species (ROS) released during the degradation of Mg
wires could effectively inhibit the growth of OS and prolong the survival
of OS-bearing mice [44]. Although these studies have revealed the
antitumor effects of Mg metal, the specific mechanisms have not been
fully revealed, and the inhibitory effects of Mg2þ on OS need exploration.
In this study, we further quantified the optimal concentration of Mg2þ

with respect to activity against OS. We noted that the OS-suppressive
effects of Mg2þ were enhanced with increases in the Mg2þ concentra-
tion. However, Mg2þ ions at high concentrations can also be toxic to
normal cells, including osteogenic cells and endothelial cells. Qin L et al.
tested the toxic effects of biodegradable Mg on osteoblasts, MC3T3-E1
cells, bone marrow stem cells (BMSCs), and L929 cells and recom-
mended 10–20 mM as the maximum Mg ion dose for sustaining a cell
viability level higher than 75% [17]. As a result, we believe that rela-
tively high concentrations (15–20 mM) of Mg2þ yield the most appro-
priate range of Mg2þ release to exert anti-OS activity.

Ideal prostheses for post-OS reconstruction should perform both
supportive and biological functions, such as osteogenic, angiogenic, and
antirecurrence activities [45]. Mg metal, which is multifunctional and
degradable, is thus a potential candidate. However, rapid and nonuni-
form corrosion has been the major factor restricting the use of pure Mg as
a support material [46]. To take full advantage of the bioactive nature of
Mg metal and the mechanical properties of Ti alloy, we designed and
manufactured biofunctional Mg-coated porous Ti6Al4V scaffolds in an
attempt to meet the needs of post-OS reconstruction. In previous studies,
we found that functional scaffolds have favorable osteogenic and
angiogenic properties, which are beneficial to the rapid recovery of the
patient’s limb function after surgery [20]. However, for patients with OS,
reducing tumor recurrence may be more important than restoring limb
function. In this study, we found that biofunctional scaffolds could
rapidly release Mg2þ ions to result in the accumulation of relatively high
concentrations. Further experimental results demonstrated that the
scaffolds could significantly inhibit the proliferation and migration of OS
cells. Tumor cell apoptosis was also clearly activated by the scaffolds.
These results suggested that the Mg-coated Ti6Al4V scaffolds can inhibit
OS recurrence, and the mechanisms need to be investigated in depth.

Recent studies have shown that the combined occurrence of autophagy
and apoptosis acts as an important factor for tumor recurrence [47]. Many
studies have confirmed that autophagy induction can promote apoptosis in
OS. Zhuochao Liu et al. reported that atezolizumab could induce
mitochondrial-related apoptosis by targeting autophagy [23]. Zhen Pan
et al. found that chitooligosaccharide exerts an antitumor effect against OS
by triggering pro-apoptotic autophagy through the p53/mTOR signaling
pathway [24]. In addition, the occurrence of autophagy is closely associ-
ated with cationic changes during human physiological activities [27].
However, the effects of Mg on autophagy in OS have rarely been reported.
In this study, we found that the biofunctional Mg-coated Ti6Al4V scaffolds
upregulated autophagy in apoptotic OS cells. The inhibition of autophagy
alleviated the increase in apoptosis induced by the biofunctional scaffolds.
Therefore, the biofunctional scaffolds most likely activated
autophagy-dependent apoptosis through autophagy-related pathways and
thereby inhibited OS cells.

Although the mechanisms of Mg-related antitumor activity have been
widely investigated in recent years, the research remains inconclusive.
Hydrogen generation, changes in pH, and Mg2þ ion release during
degradation are all influential factors in this activity. A few studies have
demonstrated that H2 and OH� release induced by Mg could inhibit
tumor proliferation through free radical accumulation [12], and Mg2þ
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ion release could arrest tumor cells at the G0/G1 phase of the cell cycle
[13]. However, the mechanism through which excessive Mg2þ ions
outside the cell trigger this process was not investigated. As an essential
element in organisms, Mg activates more than 300 enzymes [48].
Through ion channels such as TRPM7, extracellular Mg2þ ions can
interact with intracellular divalent cations or α-kinase, which then
phosphorylates downstream substrates and participates in cell functions,
including differentiation, proliferation, migration, and apoptosis [49]. In
our study, we found that Mg2þ ions released by the biofunctional scaf-
folds activated the phosphorylation of AMPK in OS cells. AMP-dependent
protein kinase (AMPK) is related to energy metabolism and autophagy
[50,51]. Our subsequent experiments showed that the AMPK/mTOR/-
ULK1 pathway was involved in the upregulation of autophagy in OS cells
induced by the biofunctional scaffolds. In summary, the Mg-coated bio-
functional Ti6Al4V scaffolds induced autophagy-dependent apoptosis via
the AMPK/mTOR/ULK1 pathway.

Consistent with the in vitro experiments, our in vivo experiments also
indicated the anti-OS effects of the biofunctional scaffolds. Both short-
term and long-term Mg release from the biofunctional scaffolds signifi-
cantly inhibited the growth of OS, and the regulation of autophagy-
dependent apoptosis observed in vivo was consistent with the in vitro
experiments. Although unlike chemotherapy drugs and targeted drugs,
multifunctional scaffolds lack the ability to control metastatic tumors,
these scaffolds may reduce the local OS recurrence rate. Moreover, bio-
functional scaffolds, which are simple but effective, can be easily man-
ufactured and used for clinical transformation. Although it is beneficial
for tumor suppression, the rapid release of Mg from the coating at the
early stage may affect long-term vascular ingrowth and bone ingrowth.
Thus, further studies should be performed, and the relationships among
OS inhibition, angiogenesis, and osteogenesis should be carefully eval-
uated before clinical application.

5. Conclusions

For reducing the possibility of local recurrence after OS resection and
reconstruction, a multifunctional Mg coating is an important surface
modification strategy for widely used Ti6Al4V prostheses. In addition to
their angiogenic and osteogenic properties, we found that the Mg-coated
biofunctional Ti6Al4V scaffolds could significantly inhibit the prolifera-
tion and migration of 143B and HOS cells. Furthermore, we also
demonstrated that Mg2þ released by the functional scaffolds might
activate the AMPK/mTOR/ULK1 pathway and induce autophagy-
dependent apoptosis in OS. As a continuation of our previous study,
the current study explored the anti-OS potential of the Mg-coated bio-
functional Ti6Al4V scaffolds, and additional exploration is needed for
their further clinical application.
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