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Biodegradable Mg—Cu alloy inhibits HBV replication
and hepatocellular carcinoma progression
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Abstract This study explores the biocompatibil-
ity and inhibitory effects of magnesium (Mg) and its
alloy, specifically the Mg—Cu alloy, on hepatocel-
lular carcinoma (HCC) cells. The importance of this
research stems from the potential use of magnesium
alloys as biomaterials in bone repair and tissue engi-
neering, while their effects on cancer cells have not
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been thoroughly investigated. Existing literature
shows that although the degradation properties and
biocompatibility of magnesium alloys have been
examined, their anticancer properties remain a topic
of debate. Thus, this study aims to clarify the impact
of the Mg—Cu alloy on HCC cells, providing a the-
oretical foundation for its use in tumor therapy. We
utilized various methods, including sample prepara-
tion, cell culture, cell viability assays (CCKS), cell
cycle and apoptosis analysis, and luciferase activity
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detection, to comprehensively evaluate the effects
of magnesium and its alloys on cellular behavior.
Our findings indicate that the Mg—Cu alloy signifi-
cantly reduces the viability of HCC cells—Huh7 and
enhances apoptosis, with a pronounced effect noted at
higher extract concentrations. Additionally, the Mg—
Cu alloy effectively inhibits hepatitis B virus (HBV)
replication, suggesting its potential as an antiviral
agent. In summary, this study highlights the promis-
ing anticancer and antiviral properties of the Mg—Cu
alloy, indicating its potential applications in biomedi-
cal fields. Future research should concentrate on the
clinical implications and the mechanisms that under-
lie these effects.

Keywords Hepatocellular carcinoma - Hepatitis B
virus - Magnesium alloy - Magnesium copper alloy -
Biodegradable

Introduction

Hepatocellular carcinoma (HCC) constitutes 90% of
the live cancer, which is a major health problem with
approximating 850,000 cases annually, and is the sec-
ond leading cause of cancer-related mortality around
the world (Forner et al. 2018). The estimated deaths
of men are the fifth leading cause, but the seventh one
in women, in the United State according to the 2023
cancer statistics (Siegel et al. 2023). Hepatitis B virus
(HBV) is the main cause of the viral hepatitis related
HCC. There are more than 240 million people are
suffering chronic HBV infections, which may develop
into liver cirrhosis or HCC with the progression of
the disease (Revill et al. 2019). A series of advances
have been used in the clinical treatment of HCC, but
the five-year survival rate of patients with HCC is still
very low. Therefore, a new clinical strategy for treat-
ing HCC and inhibiting its proliferation should be
urgently explored.
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Magnesium (Mg) and its alloys have shown unique
biodegradability, good mechanical properties, and
excellent biocompatibility, demonstrating great
potentials in the medical field (Zhao et al. 2019) such
as orthopaedic fixation, cardiovascular scaffolds, and
resorbable implants (Delavar et al. 2023, Xing et al.
2022, Zhang et al. 2022). For the tumor suppres-
sion, recent advancements on Mg-based alloy are
mainly associated with the products of their degrada-
tion (Yang et al. 2022; Globig et al. 2023; Qiao et al.
2020). However, the degradation rate of pure mag-
nesium is too fast, the mechanical properties (e.g.,
strength, ductility) are insufficient, and the degrada-
tion process may generate hydrogen accumulation,
which limits its clinical applications. In order to opti-
mise the overall performance of magnesium alloys,
researchers usually add different elements (e.g. zinc,
calcium, rare earth elements, etc.) by means of alloy-
ing to modulate their degradation behaviour, mechan-
ical properties and biosafety (Pogorielov et al. 2017).
Copper (Cu), a trace element with broad-spectrum
antimicrobial and pro-angiogenic functions, has been
introduced into magnesium alloy systems to simulta-
neously enhance their corrosion resistance, mechani-
cal properties, and bioactivity (Liu et al. 2016; Zhao
et al. 2020; Yan et al. 2018). Studies have shown that
the addition of appropriate amount of Cu can refine
the grain structure of magnesium alloys and improve
their strength and ductility; at the same time, the
slow release of Cu can endow the alloys with long-
lasting antimicrobial ability and reduce the risk of
post-implantation infection. In addition, Cu ions can
promote the proliferation of endothelial cells during
the degradation process and accelerate tissue repair.
However, excessive Cu may lead to cytotoxicity or
accelerated corrosion, so its content and distribu-
tion need to be precisely regulated. In this paper, we
systematically explore the effects of microstructure,
degradation behaviour, mechanical properties and
biocompatibility of Mg—Cu alloys, and look forward
to its future optimization direction, which is of great
significance for the development of new magnesium
alloys with excellent mechanical properties, con-
trolled degradation and multifunctional bioactivity.

A strong interaction between the material and car-
cinoma may provide a new way to treat HCC. Pre-
viously, it was reported that the Cu levels increased
in the tumor patients (Babak and Ahn 2021), which
could play a vital role of antitumor effect. Cu could
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induce the cell death dependent on the mitochondrial
respiration by targeting lipoylated tricarboxylic acid
cycle proteins (Tsvetkov et al. 2022). Cu and cuprop-
tosis-related genes were also found to be related to the
development of HCC by targeting the tumor immune
microenvironments and immune checkpoint genes
(Wang et al. 2023). Low levels of Mg occurred in the
HCC patients with nonalcoholic fatty liver disease,
and were significantly associated with the decreased
risk of HCC (Yu et al. 2023). Liu et al. found that
Mg demethylcantharidate inhibited HCC cell inva-
sion and metastasis via activation transcription factor
FOXOL1 (Liu et al. 2021). Therefore, both Cu and Mg
separately showed the effect of anti-tumor, but how
the effect a biodegradable Mg—Cu alloy is on HCC is
not clear.

In this study, a biodegradable Mg—Cu alloy was
used to explore its effect on the HCC development,
and it was found that the Mg—Cu alloy could inhibit
the hepatocytes proliferation and the promote related
apoptosis. Furthermore, the Mg—Cu alloy showed
inhibition to HBV replication. This study demon-
strates that Mg—Cu alloy may provide a potential
treatment strategy for HCC.

Materials and methods
Sample preparation and soaking experiment

Pure Mg and a Mg-0.2wt.% Cu (Mg—Cu) alloy were
melted and cast into cylindrical billets with a diam-
eter of 10 mm, which were then cut into ¢ 10 X3 mm
discs. After cleaning and ultraviolet (UV) treatment,
the samples were immersed in DMEM medium con-
taining 10% FBS, with a ratio of medium volume
to sample surface area of 1 mL:1.25cm?. The sam-
ples were maintained with DMEM in an incubator
with 5% CO, at 37 °C for 6, 12, 18, 24, 48 and 72 h,
respectively. All samples with various immersion
times were draw out for cleaning in chromic acid fol-
lowing by rinsing with anhydrous ethanol to let them
dry. The soaking solutions were collected, and their
pH were measured. Surface morphology of the sam-
ples was observed under a scanning electron micro-
scope (SEM), and the corresponding corrosion rate
was calculated by the weight loss.

Cell culture

Cells (Huh7 and HEK-293 T cells) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS), penicillin
(100 TU/ml) and streptomycin (100 mg/ml), which
were incubated at 37 °C with 5% CO,.

Sample extracts preparation

Different grade of sandpapers were used to burnish
pure Ti (as a contract in this study), Mg and Mg—Cu
alloy until achieving a smooth surface. Further, high
pressure and ultraviolet were applied to treat the
above materials for sterilization. The samples of
Ti, Mg and Mg—Cu alloy were put in the solution
of 10% FBS, penicillin (100 IU/ml) and streptomy-
cin (100 mg/ml) containing DMEM medium with
a ratio of medium volume to sample surface area of
1 mL:1.25 cm? Then their supernatants were col-
lected after 24 h cells incubation (stocking fluid con-
centration was 100%), respectively.

CCKS8

Cells were added into the above extracts, and their
OD values were detected according to the manufac-
ture instructions (Biosharp) after 48 h co-cultures,
respectively.

Cell cycle

Cells were added into the above extracts. Cells were
collected after 48 h co-culture with sample extracts,
then were examined according to the cell cycle and
apoptosis detection kit instruction (Beyotime Bio-
tech. Co., China, C1052). The cell cycle test was
performed immediately by Accuri™ C6 Plus (BD,
America).

Cell apoptosis

Cells were treated by the above extracts for 48 h. The
manipulate was carried out according to the Annexin
V-FITC/PI double staining apoptosis detection
kit (Keygen Biotech. Co., China, KGA1102). The
Accuri™ C6 Plus (BD, America) was immediately
applied to measure the apoptosis rate.
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Fig. 1 Degradation characteristics of Mg and Mg—Cu alloy.
Scanning electron microscope (SEM) was used to observe the
degradation morphology (A) and corrosion pits (B) on the Mg

Luciferase assay

Cells were transfected with the pCMV1.2xHBV/NL
reported plasmids with lipofectamine 2000 (Invit-
rogen, USA, 11668019). Afte 72 h transfection, the
cells were lysed with passive lysis buffer, and then
nano-luciferase activity was measured by the Nano-
Glo® Luciferase Assay System (N1120, Promega).
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and Mg—Cu alloy. As extension of the immersion time, the
changes of degradation rates (C) and pH value (D) were evalu-
ated

The procedures were described previously (Que et al.
2017).

Statistical analysis
GraphPad Prism 9 software (GraphPad Software,

San Diego, CA) and two-tailed Student’s ¢ test were
used for data analysis. All data are presented as the
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Fig. 2 Mg and Mg—Cu alloy suppressing the cell proliferation.
A Schematic illustrations of Ti, Mg and Mg—Cu alloy extracts
were acquired with DMEM medium treatment. B Extracts
of Ti, Mg and Mg—Cu alloy were applied to treat Huh7 and

mean+S.D. Significant difference was defined as
p<0.05.

Results
Degradation characteristics

The degradation morphologies of Mg and Mg—Cu
alloy were studied through SEM observation. All
sample surfaces showed corrosion (i.e., degradation)
behavior with different degree after immersion in the
cell culture media (DMEM) for 6, 12, 18, 24, 48 and

T
Huh7 B Mg
Hl Mg-Cu

NS * Fiek i

20% 30% 40% 50% 60% 70% 80%

293T B Mg

20% 30% 40% 50% 60% 70% 80%

HEK-293T cells for 48 h, CCK8 was used to detect the activ-
ity of cell proliferation. The cell activity of 10% Ti extract is
defined as value 100%. N=3, NS, not significant; *p <0.05,
*p <0.01, ***p <0.001, ****p <0.0001

72 h, respectively (Fig. 1A). Furthermore, the surface
corrosion products were removed by chromic acid.
The corrosion pits on the surfaces of Mg and Mg—Cu
alloy were observed, more uniform on Mg—Cu alloy
than on Mg (Fig. 1B). In addition, the degradation
rate decreased and the pH value gradually increased
as extension of the immersion time for both Mg
and Mg—Cu alloy (Fig. 1C, D). And it was proved
through EDS and XRD experiments that in the Mg—
0.2wt.%Cu alloy, Cu exists in the form of the Mg,Cu
second phase (Figures S1 and S2).
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«Fig. 3 Mg and Mg—Cu alloy promoting the cell apoptosis. A
Effect of different concentrations of Ti, Mg or Mg—Cu alloy
extracts on the apoptosis of Huh7 cells. B Effect of differ-
ent concentrations of Ti, Mg or Mg—Cu alloy extracts on the
cell cycle of Huh7 cells. N=3, NS, not significant; *p <0.05,
*#p <0.01, ***p <0.001, ****p <(0.0001

Carcinoma cells viability

The inhibitory effects of Mg and Cu on HCC have
been reported, but whether the Mg—Cu alloy has
such effect is not clear. Firstly, extracts of Ti, Mg and
Mg—Cu alloy (Figure S3) were collected and applied
to treat the cells for 48 h (Fig. 2A). The cell viability
of Huh7 and HEK-293 showed that Mg and Mg—Cu
alloy could inhibit the cell activity significantly with
increasing the concentration of corresponding extract,
but inhibitory effect of Ti extract (control group) on
the cells was not obvious (Fig. 2B top). Meanwhile,
Mg—Cu alloy exhibited about 25 and 80% inhibi-
tory effects on Huh7 cells with 50 and 70% extracts,
respectively. In contrast, Mg exhibited about 15 and
20% inhibitory effects on Huh7 cells by the 60 and
70% extracts, respectively. Moreover, Mg—Cu alloy
had a little effect (about 25%) on HEK-293 T cells
at 70% extract concentration (Fig. 2B). These results
demonstrates that both Mg and Mg—Cu alloy sup-
pressed activities of the cellular carcinoma cells, but
Mg—Cu alloy expressed more significant inhibitory
effect and limited influence on normal cells.

Cell apoptosis

As shown in Fig. 3A, the cell apoptosis rate increased
with concentration of Mg and Mg—Cu alloy extracts,
compared with the Ti group (control group). Inter-
estingly, Mg—Cu alloy showed much high apoptosis
in the 40% concentration, while Mg could not. The
cell cycle showed the consistent results with the cell
apoptosis (Fig. 3B). Briefly, the ratios of G2/M phase
of Mg—Cu alloy group accounted for more than the
Mg group with increasing the concentration, and the
proportion of GO/G1 phases of Mg—Cu alloy group
decreased more than the Mg group. These exhib-
its that both Mg and Mg—Cu alloy, compared with
Ti, could promote the cell apoptosis, and the role of
Mg—Cu alloy was stronger.

Inhibitory roles on HBV replication

HBYV infection is closed to the HCC development.
When the extract concentration was less than 30%,
neither Mg nor Mg—Cu alloy affected the cells signifi-
cantly (Fig. 2). Thus the above mentioned Ti, Mg and
Mg—Cu alloy were examined to verify their impact
on HBV replication under 30% concentration of the
extract The pCMV 1.2 x HBV/NL plasmid is a report-
ing system for HBV pre-genomic RNA (pgRNA), and
luciferase signal value represents the level of HBV
pgRNA. The luciferase assay displayed that Mg—Cu
alloy, instead of Ti and Mg, suppressed the nano-
luciferase activity of HBV markedly, as increasing the
the extract concentration (Fig. 4). This suggests that
only Mg—Cu alloy with Cu addition could inhibit the
HBYV transcript level.

Discussion

The corrosion behaviour of magnesium (Mg) and
its alloys is closely related to their biocompatibility,
and the mechanism of this correlation is particularly
critical in the antitumour and antiviral applications
of Mg—Cu alloys. Firstly, the degradation rate of
the alloy directly affects the pH and ion concentra-
tion of the local microenvironment. In this study, the
degradation rate of Mg and Mg—Cu alloys gradually
decreased with the prolongation of immersion time,
while the pH increased (Fig. 1C, D), forming an alka-
line microenvironment. High pH may inhibit cells,
but excessive alkalinity (pH> 10.5) may be toxic to
normal cells. However, the buffering capacity of
body fluids in physiological environments can par-
tially neutralise the pH mutation and thus reduce the
damage to tissues (Liu et al. 2016; Zhao et al. 2020;
Yan et al. 2018). SEM observations showed that the
corrosion pit distribution of Mg—Cu alloys was more
homogeneous than that of pure Mg (Fig. 1B), sug-
gesting that the incorporation of Cu improved the cor-
rosion homogeneity of the alloys and reduced the tox-
icity of the localised areas of high ion concentration
to normal cells. In addition, the Cu* released during
degradation has an antiviral effect. Mg—Cu alloys
inhibit the transcription of HBV pregenomic RNA
(pgRNA) by suppressing the transcription of HBV
(Fig. 4), which may be related to the mechanism by
which its degradation product directly interferes with
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Fig. 4 Mg—Cu alloy blocking the HBV replication. Huh7
cells were transfected with the pCMV1.2xHBV/NL reported
plasmid, and different indicated concentrations of Ti, Mg or
Mg—Cu alloy extracts were cultured. The nano-luciferase val-

viral replication or blocks viral entry into the host cell
(Bhatti and DeLong 2023). This dual function (anti-
cancer and antiviral) further highlights the synergistic
effect of corrosion behaviour and biocompatibility.

The therapeutic effect of metal materials on HCC
gradually come into sight. Both pure Mg and Mg—Cu
alloy could inhibit the HCC proliferation and pro-
mote the cell apoptosis, and Mg—Cu alloy exhibited
stronger influence. Further, Mg—Cu alloy could sig-
nificantly inhibit the cells viability at a relative low
concentration (50%), but not Mg alone or HEK-293T
cells, which reveals higher potential of Mg—Cu alloy
for clinical practice with less influence on the nor-
mal cells. Mg—Cu alloy has shown to possess a long-
lasting antibacterial effect(Liu et al. 2016), which
manifests that Mg—Cu alloy is also against the bacte-
rial infection when it is used for surgical treatment of
HCC. Meanwhile, Mg—Cu alloy might attenuate the
HBYV replication, which is important for preventing
the occurrence of HCC resulting from HBV infec-
tion. All of these illustrate that Mg—Cu alloy should
be a more ideal anti-cancer material, especially to the
HBYV associated HCC. Therefore, the above results
and the related mechanisms about inhibitory effect of
Mg—Cu alloy on both HCC and HBV need to be fur-
ther discussed.

Mg can suppress the carcinoma development
mainly through four aspects: (1) excessive Mg can

@ Springer

ues were acquired with Nano-Glo® Luciferase Assay Sys-
tem and the NL activities of untreated samples are defined as
value 100%. N=3, NS, not significant; *p <0.05, **p<0.01,
*##Ep <0.001, ¥#*+*¥p <0.0001

increase the cancer metabolism; (2) more Mg results
in hypo phosphorylation; (3) Mg reduces p38/MPK
signaling pathway activity to cause abnormal cell dif-
ferentiation; (4) excess Mg results in pS3 inactivation
and cancer progression (Ashique et al. 2023). Cu can
participate in multiple processes of HCC, including
hepatocarcinogenesis, angiogenesis, metastasis, and
antitumor immune response. The roles of Cu in HCC
should show a double-edged sword: (1) high Cu can
enhance the HCC development through stimulating
reactive oxygen species (ROS) production, genomic
instability, pro-angiogenesis, and pro-tumor signals;
(2) but excessive Cu can result in an opposite func-
tion: inducing the cell death via apoptosis, paraptosis,
pyroptosis, ferroptosis, cuproptosis (Wu et al. 2023).
All of these define that both Mg and Cu play inhibi-
tory roles in HCC progression, and the associated
mechanisms of Mg—Cu alloy on HCC can be further
analyzed based on the above possible mechanisms.
With development of the disease, HBV infec-
tion may develop into liver cirrhosis or HCC (Revill
et al. 2019). Therefore, it may provide a new way for
preventing viral infection or target therapeutic HBV
replication by using the Mg—Cu alloy treatment.
Nanomaterials have now been found applications for
antivirus. Cu, and the oxides including zinc oxide,
titanium oxide, iron oxide belong to antiviral nano-
particles, which exhibit the antiviral roles through
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four major mechanisms: (1) direct viral interaction,
(2) interaction to receptor or cell surface to prevent
the virus from entering the host cells, (3) suppressing
the replication of the virus, or (4) other processing
mechanisms which inhibit the spread of virus (Bhatti
and DeLong 2023). Therefore, the inhibitory effect
and the related mechanisms of Mg—Cu alloy on HBV
replication can be further verified in the future based
on these aspects.

Collectively, both Mg and Mg—Cu alloy impaired
the HCC proliferation and enhanced the cell apopto-
sis, but Mg—Cu alloy had more prominent. Moreover,
Mg—Cu alloy showed a suppressing effect on HBV
replication. All of these will facilitate the devel-
opment of therapeutic agents for the treatment of
patients with HBV infection or HCC, and Mg—Cu
alloy is expected to serve as a useful material drug.

Conclusions

In conclusion, our study provides compelling evi-
dence that Mg and Mg—Cu eluates possess signifi-
cant anti-cancer properties by inhibiting the growth
of hepatocytes and inducing apoptosis. This novel
approach highlights the potential ability of these
materials in cancer therapy, particularly in relation
to hepatocellular carcinoma (HCC). Furthermore, we
have uncovered for the first time that Mg—Cu eluates
inhibit the replication of Hepatitis B Virus (HBV).
This finding is particularly significant, as HBV is
known to play a critical role in the pathogenesis of
HCC, thus establishing a dual mechanism through
which Mg—Cu can exert its beneficial effects.
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