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A B S T R A C T

Magnesium (Mg) alloys are popular biodegradable metals studied for orthopedic and cardiovascular applica-
tions, mainly because Mg ions are essential trace elements known to promote angiogenesis and osteogenesis.
However, Mg corrosion consists of oxidation and reduction reactions that produce by-products, such as hydrogen
gas, reactive oxygen species, and hydroxides. It is still unclear how all these by-products and Mg ions
concomitantly alter the microenvironment and cell behaviors spatially and temporally. This study shows that Mg
corrosion can enhance cell proliferation by reducing intracellular ROS. However, Mg cannot decrease ROS and
promote cell proliferation in simulated inflammatory conditions, meaning the microenvironment is critical.
Furthermore, cells may respond to Mg ions differently in chronic or acute alkaline pH or oxidative stress.
Depending on the corrosion rate, Mg modulates HIF1α and many signaling pathways like PI3K/AKT/mTOR,
mitophagy, cell cycle, and oxidative phosphorylation. Therefore, this study provides a fundamental insight into
the importance of reduction reactions in Mg alloys.

1. Introduction

Biomaterial research has advanced quickly in recent years, where
our new generation of biomaterials are now termed “smart bio-
materials” that can sense the microenvironment, release ions, chemicals,
drugs, biomolecules, or other substances in response to external stimuli
(e.g., pH, hypoxia, oxidative stress, etc.), and adapt to the changes over
time [1]. However, despite our extensive efforts in improving our bio-
materials, traditional metals like titanium (Ti), cobalt-chromium (CoCr),
and stainless steel (SS) alloys remain most widely used for orthopedic,
cardiovascular and dental applications, dominating the market of bio-
materials globally estimated about 31.53 billion USD in 2021 [2].

Therefore, metal-based biomaterials, including permanent and biode-
gradable metals, will be the largest class of biomaterials used for hard
tissues in the foreseeable future. However, metal corrosion and bio-
logical/biochemical/biomechanical interactions between metals and
cells are still mainly of concern, especially for biodegradable metals.
Biodegradable metals are expected to corrode over time, and their
corrosion behavior over time could be highly unpredictable despite
advanced techniques to control the corrosion rate, using various
methods like alloying, coating, or surface modification and fabrication
techniques to increase the corrosion resistance. Studies show that even
permanent metals known to be inert corrode to some extent, which
significantly depends on the patient’s microenvironment and
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inflammatory conditions, known as inflammatory cell-induced corro-
sion found in retrieved implant surfaces [3–5].

The corrosion of biomaterials depends on the material properties and
the microenvironment (i.e., the human body), and there is mutual
feedback between the implant and the cells. Innate immune cells like
neutrophils and macrophages are usually the first cells to respond to
foreign pathogens, including biomaterials, and they can secrete a
ranging amount of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) [6]. Macrophages also fuse and form foreign body giant
cells, adhering to the implant surface in their attempt to phagocytose the
implant [7]. So, when these cells are near the implant surface and
release large amounts of oxidative bursts, these oxidizing molecules
directly come into contact with the implant surface, which has been
reported to have adverse effects on the corrosion resistance of metals,
especially for CoCrMo alloys [8]. In other words, the presence of ROS
significantly reduces the impedance of the oxide films, shifting the
electrode potential and increasing the corrosion rates of metals [8],
making them more corrosive than otherwise known. Alternatively, all
metal corrosion is a combination of oxidation and reduction reactions,
and 10–15 % of the reduction reactions are found to produce some ROS
[8]. Biomaterials are generally implanted in the aged, diseased, or
wounded tissues rather than young and healthy, and the aged and
diseased microenvironments are already highly skewed in terms of
inflammation, oxidative stress, environmental pH, oxygen (i.e., hypox-
ia), and so on. Therefore, we may speculate that metals may not only
corrode differently in aged and diseased microenvironments but also
that reduction reactions from metal corrosion will affect cells
significantly.

We chose to study pure Mg and Mg-Ti because, among the biode-
gradable metals, Mg alloys are the most popular because Mg alloys
exhibit excellent biocompatibility and bioactivity and possess similar
physical and mechanical properties as bone, reducing adverse effects
like stress shielding, a common problem for traditional metals like CoCr
and Ti alloys [9]. In addition, one of the primary reasons Mg alloys are
preferred is that Mg ions are considered angiogenic and osteogenic,
promoting wound healing and tissue formation. Mg ions are essential
trace elements in the human body, with more than half stored in bone,
and have many vital roles in the physiological functions of cells.
Therefore, Mg ions released from Mg-based implants hardly raise any
complications, where excess Mg ions are usually excreted via urine, and
so, the incidence of Mg ion toxicity is low [10]. However, as all metal
corrosion consists of oxidation and reduction reactions, so do Mg alloys.
Oxidation of Mg metal involves releasing Mg ions and electrons, where
Mg ions are released into solutions while electrons accumulate at the
metal surface and immediately react with surrounding molecules like
water and oxygen. While water and oxygen are the most abundant
molecules in solutions and the atmosphere, free radicals and electrons
can react with other molecules, and inside the human body, we have
various biomolecules like proteins, lipids, nucleic acids, and carbohy-
drates with disulfide bonds and functional groups susceptible to attack,
altering their structures and functions either reversibly or irreversibly
[10]. Mg dissolution process involves an intermediate step where Mg is
first oxidized to a monovalent Mg+ ion, which then quickly reacts with
water to produce hydrogen (H2), hydroxides (OH− ), andMg2+ ions [11].

(1)Mg+ ↔ Mg2+ + e−

(2)Mg+ +H2O→Mg2+ +OH− +
1
2
H2

(3) 2H2O+ 2e− →2OH− + H2

Unlike water, human serum contains chloride ions, one of the major
anions found (normal concentrations about 96–106 mEq/L) [12], which
accelerates the corrosion of metals by breaking down the oxide film and
increases the electrochemical rate [11]. For Mg alloys, the production of
hydroxides increases the pH, and the buildup of hydroxides to an

alkaline level higher than pH of approximately 8–9 starts to passivate
the Mg surface with oxides (check Pourbaix Diagram of Mg in Ref. [9]).
However, we may well consider that the initial environmental pH may
start acidic or alkaline, which is the case for many pathological condi-
tions like solid tumors, which results in acidic pH as low as 5.7–6.5 due
to hypoxia [13] or in chronic wounds that result in an alkaline pH of
7.5–8.9 [14] that affects the way Mg corrodes. Oxidative stress and
pro-inflammatory conditions facilitate metal corrosion, and studies
found that new oxides formed in simulated inflammatory conditions
were less protective of corrosion than those formed at open circuit po-
tential (OCP), indicating that a pro-inflammatory environment affects
the quality of the oxide film (i.e., passivation) [15–17]. In addition,
Wiegand et al. reported that when cathodic potential was applied to
CoCrMo alloy, similar to fretting corrosion conditions, large amounts of
extracellular hydrogen peroxide and hydroxyl radicals were released
from the metal surface, causing cell death [18,19]. So, not only do
endogenous ROS produced by inflammatory cells affect the corrosion of
Mg, but the immune cells also facilitate the production of exogenous
ROS from the metal. The total ROS levels could significantly affect
metal-cell interactions, which need to be considered, especially in con-
ditions where excess ROS/RNS are known to be produced.

In this study, we first investigated how cells respond to Mg ions and
ROS (i.e., hydrogen peroxide) in physiological or alkaline pH to see
whether one particular by-product is dominating the cell behaviors or
simultaneously affecting cells together. This paper shows that pH is a
critical parameter that regulates cell response to Mg ions and oxidative
stress, and cell viability is significantly affected not only by the pH level
but also by whether the pH change is acute or chronic. Furthermore, for
the first time, as far as the authors are aware, we have documented in
vitro and in vivo ROS production due to active Mg corrosion (not
endogenous production of ROS by cells). Hydrogen peroxide is known to
modulate HIF1α, which is also proven in this study. In addition, Mg
corrosion affects major signaling pathways like Wnt and PI3K/Akt/
mTOR, known for BMSC proliferation and differentiation via ROS.
Therefore, unlike the conventional concept that Mg alloys are osteogenic
because Mg ions promote osteogenesis, ROS may also contribute to
osteogenesis if ROS is produced in moderate concentrations. Lastly, Mg-
Ti was fabricated via sputtering to accelerate the corrosion rate of Mg,
which was increased approximately 3 times based on the hydrogen gas
volume measured. While most studies attribute the cytotoxicity of Mg to
a sharp increase in pH, we found that this is not the case. While alkaline
pH is indeed cytotoxic, we show that Mg and Mg-Ti kill cells more
quickly than NaOH-induced killing, and the cytotoxicity of Mg and Mg-
Ti both follow the same pattern as that of ROS: (1) moderate levels of
ROS induce cell growth arrest; (2) high levels of ROS induce cell death
[20]. Overall, our study proves that reduction reactions dominate the
biological responses and cell-material interactions in a corrosion
rate-dependent manner, which depends on the microenvironment.

2. Materials and methods

2.1. Characterization of Mg particles

Pure Mg particles were purchased from Beijing Zhongke Yannuo
New Material Technology Co., Ltd. (Beijing, China), with a purity of
99.99 % and a diameter ranging between 45 and 50 μm. 0.03 g of Mg
particles were corroded in 5 mL of either phosphate buffer saline (PBS,
ThermoFisher Scientific, Catalog #: 10,010,023), fetal bovine serum
(FBS, ThermoFisher Scientific, Catalog #: 10,099,141), alpha-MEM
(αMEM, ThermoFisher Scientific, Catalog #: 12,571,063), or complete
media (αMEM + 10 % FBS + 1 % penicillin-streptomycin; PS, Ther-
moFisher Scientific, Catalog #: 15,140,122) for either t= 1, 3, or 7 days.
Mg particles before and after corrosion were analyzed using scanning
electron microscopy (SEM, Zeiss Supra® 55), energy dispersive x-ray
analysis (EDX), Fourier transform infrared (FTIR, Bruker TENSOR27,
software: OPUS) spectroscopy, and x-ray diffraction (XRD, Rigaku
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ULTIMA IV, software: Jade). The particles were sputter-coated in gold
for 30 s using a sputtering machine (Leica EM ACE200). SEM images
were taken in secondary electron mode at an accelerating voltage of 5
kV and EDX at a higher accelerating voltage of 15 kV. In vitro pH was
also measured for different particle concentrations of 0–1600 μg/mL
using a pH microelectrode (Sentron, SI series pH probe, MicroFET
9270–010) and pH meter (Sentron, SI600) over time.

2.2. Mg particle treatment

hBMSCs were purchased from Cyagen Biosciences (HUXMF-01001;
Suzhou Inc. China) at passage 2. Passage numbers 7–8 were used for all
experiments. hBMSCs were cultured in complete media with αMEM as a
basal media, supplemented with 10 % FBS and 1 % penicillin-
streptomycin (PS; Gibco™, Catalog #: 15,140,122). Cell seeding den-
sity of 3000 cells/cm2 was seeded in a 12-well plate (Corning, A = 3.8
cm2, Catalog #: 3513) for 12–18 h to allow the cells to attach to the well
surface.

Different concentrations of Mg particles from 0 to 1600 μg/mL were
added per well, where the total solution volume was 2 mL. To yield the

final concentration of 1600 μg/mL per well, 0.032 g of Mg particles were
measured with a scale, then mixed immediately in 4 mL of media,
yielding 8000 μg/mL particle solution. Addition of particles in solution
reduced particle scattering and loss due to electrostatic forces. Large Mg
particles sink in seconds if left unstirred, visible to the naked eye. So,
particle solution was mixed thoroughly to yield homogeneity by pipet-
ting up and down several times using 1000 μL micropipette before
withdrawing 400 μL particle solution to add into the well. 1.6 mL of
normal cell culture media was added to yield a total of 2 mL volume per
well. Other particle concentrations were calculated and added in a
similar manner, where the exact calculations are shown in Table 1.

hBMSCs were cultured in different Mg particle concentrations for t=
1, 2, 3, or 7 days (n = 3 samples per group). At each time point, the cell
culture media and Mg particles were aspirated, and the samples were
gently washed with PBS three times to remove as many Mg particles as
possible before adding fresh media with 10 % CCK-8 (Sigma-Aldrich,
Catalog #: 96,992) and incubated for 1 h at 37 Celsius and 5 % CO2
before reading. Cell proliferation was measured as optical density using
a microplate reader (Thermo ScientificTM MultiskanTM GO) at wave-
length λ = 450 ηm. Cells were also fixed and stained to view cell

Table 1
Mg particle concentration calculation.

Particle
Weight (g)

Solution Volume to
Add Particles (mL)

Mg Particle
Solution (μg/mL)

Particle Solution Volume
Added to the Well (mL)

Additional Solution Volume
Added without Mg (mL)

Total Solution
Volume per Well
(mL)

Final Mg Particle
Concentration per Well (μg/
mL)

0.002 4 500 0.1 1.9 2 25
0.002 4 500 0.2 1.8 2 50
0.002 4 500 0.4 1.6 2 100
0.004 4 1000 0.4 1.6 2 200
0.008 4 2000 0.4 1.6 2 400
0.016 4 4000 0.4 1.6 2 800
0.032 4 8000 0.4 1.6 2 1600

Table 2
Primer sequence list used for qPCR experiments.

Gene Sequence (5′-3′) Accession # Gene Sequence (5′-3′) Accession #

GAPDH Forward: GGCTCTCCAGAACATCATCC NM_002046.7 MAP3K7 Forward: GATCGCCGGGTAGTAGGACT NM_003188.4
Reverse: TTTCTAGACGGCAGGTCAGG Reverse: GGGGCTTCGATCATCTCACC

WNT3A Forward: CAGCCACATGCACCTCAAGT NM_033131.4 cMYC Forward: AATGAAAAGGCCCCCAAGGT NM_002467.6
Reverse: GAGGCGCTGTCGTACTTGTC Reverse: GTCGTTTCCGCAACAAGTCC

WNT5A Forward: ATTCTTGGTGGTCGCTAGGTA XM_011534089.2 cJUN Forward: GCCAGGTCGGCAGTATAGTC NM_002228.4
Reverse: CGCCTTCTCCGATGTACTGC Reverse: TCTGGACACTCCCGAAACAC

DKK1 Forward: GAGCTACCCGGGTCTTTGTC NM_012242.4 FOSL1 Forward: GTGCCAAGCATCAACACCAT CR542278.1
Reverse: GGGCAGGTTCTTGATAGCGT Reverse: GGCTGATCTGTTCACAAGGC

FZD10 Forward: AGAAGAGCCGGAGAAAACCG NM_007197.4 CCN4 Forward: GTCCAGGCATGAGGTGGTT NM_003882.4
Reverse: TCCCGTGGTGAGTTTTCTGG Reverse: CAGTGGAGCTGGGGTAAAGT

LRP6 Forward: AACGCGAGAAGGGAAGATGG NM_002336.3 PPARγ Forward: GAGGACACCGGAGAGGGG NM_138712.5
Reverse: CAAAGGGGCCGCTCTCAG Reverse: CCACGGAGCTGATCCCAAAG

DVL1 Forward: TACCACATGGACGAGGAGGA AF006011.1 SOX9 Forward: AGGAAGTCGGTGAAGAACGG NM_000346.4
Reverse: GGTTGCTGAGCACGTTCTTG Reverse: CGCCTTGAAGATGGCGTTG

DVL2 Forward: CTGGTGAAGATCCCTGTCCC AF006012.1 COMP Forward: CCTGCGTTCTTCTGCTCAC NM_000095.3
Reverse: TTCACCACCCCGAAATCCTG Reverse: GCGTCACACTCCATCACC

DVL3 Forward: CATGGGCGAGACCAAGATCA AF006013.1 ACAN Forward: TCAGCGGTTCCTTCTCCAG XM_011521314.2
Reverse: CCCTTAAAGTCCGCCAAGGT Reverse: GCAGTTGTCTCCTCTTCTACG

GSK3β Forward: CCTCTGGCTACCATCCTTATTC NM_001146156.2 PDGFRα Forward: GGGCACGCTCTTTACTCCAT NM_006206.6
Reverse: TTATTGGTCTGTCCACGGTCTC Reverse: TTAGGCTCAGCCCTGTGAGA

β-Catenin Forward: TGGATTGATTCGAAATCTTGCC XM_047447483.1 RUNX2 Forward: TGCACTGGGTCATGTGTTTG NM_001024630.4
Reverse: GAACAAGCAACTGAACTAGTCG Reverse: TGGCTGCATTGAAAAGACTG

TCF7 Forward: CCAAGAATCCACCACAGGAGG NM_003202.5 ALP Forward: CCACGTCTTCACATTTGGTG NM_000478.6
Reverse: GCAGCCTAGAGCACTGTCAT Reverse: CAGACTGCGCCTGGTAGTTG

LEF1 Forward: TGCCAAATATGAATAACGACCCA NM_016269.5 COL1A1 Forward: CTGGATGCCATCAAAGTCTTC XM_054315081.1
Reverse: GAGAAAAGTGCTCGTCACTGT Reverse: AATCCATCGGTCATGCTCTC

SMAD3 Forward: CCTGTGCTGGAACATCATCTCAG NM_001407013.1 FGF2 Forward: AAGAGCGACCCTCACATCAA NM_002006.6
Reverse: CTTCCTAAGAGTCAAAGTCCCTGC Reverse: ACGGTTAGCACACACTCCTT

SMAD4 Forward: TCTCTGGTGGAAAGGCAGAC AB043547.1 IL6 Forward: ACTCACCTCTTCAGAACGAATTG XM_054358145.1
Reverse: TGAGCAAATCTCTCCCTGTCAT Reverse: CCATCTTTGGAAGGTTCAGGTTG

NLK Forward: GACAGCTTGTGAAGGCGCTA NM_016231.5 HIF1α Forward: CTGAGGGGACAGGAGGATCA NM_001530.4
Reverse: AAAGACCAACATCCTGCAAAGG Reverse: CTCCTCAGGTGGCTTGTCAG

COL10A1 Forward: TGGGACCCCTCTTGTTAGTG NM_001424106.1 VEGFA Forward: ACGGACAGACAGACAGACAC NM_001025366.3
Reverse: TTGGGTCATAATGCTGTTGC Reverse: GAAGCGAGAACAGCCCAGAA
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morphology. Cells were fixed in 4 % paraformaldehyde (PFA) for 30 min
and then treated with 0.2 % Triton for 10 min. Cells were stained with 1
μg/mL DAPI (Thermo-Scientific, Catalog #: 62,248) and 1:200–300
dilution of phalloidin-488 in PBS for 30 min at room temperature. Cells
were imaged using JULITM stage (NanoEntek). Five images were taken
per well, and based on the nucleus (DAPI), cells were counted using the
“point tool” from Image J (NIH). Based on the scale bar, the area of the
picture was calculated in μm2, and the average cell number per well was
used to estimate the total number of cells per well. The total cell number
was then averaged from 3 samples per group.

For qPCR analysis, mRNA samples were extracted using the HiPure
Total RNA Micro Kit (Magen Biotech, Catalog #: R401103) following
their recommended protocol. mRNA was stored at − 80 Celsius until
ready to convert to cDNA. mRNA concentrations were measured using a
NanoDropTM 2000/2000c spectrophotometer (Thermo-Fisher Scienti-
fic, Catalog #: ND-2000). RNA samples were used if the quality of the
absorbance readings 260/280 was higher than 1.8. Reverse transcrip-
tion to cDNA was performed using the reverse transcription reagent kit
(PrimeScript™ Master Mix, Takara, Catalog #: RR036B). cDNA was
converted using Biometra TRIO thermal cycler (Analytik Jena GmbH) in
a three-step procedure: 1) 37 Celsius for 15 min, 2) 85 Celsius for 5 min,
and 3) cool down to 4 Celsius for 10 min qPCR was performed using
LightCycler® 96 Instrument (Roche) under repeated thermal cycling
conditions of 95 Celius denaturing for 15 s and 60 Celsius annealing for
30 s. Each sample had 3-4 technical repeats, n = 3 samples per experi-
mental group per time point. Relative quantification results were ob-
tained by calculating the ΔΔCT and plotted in fold changes (2− ΔΔCT).
The primer sequences are listed in Table 2. GAPDH was used as the
housekeeping gene, and the relative gene fold was measured compared
to the negative control group.

2.3. hBMSC response to Mg ions, alkaline pH, and oxidative stress

hBMSCs were cultured in the same condition as section 2.2, such as
cell seeding density, passage number, and culture media, to ensure that
the changes in cell behavior are only due to the treatment. hBMSCs were
treated with 0–20mM of magnesium chloride (MgCl2) for t= 1, 2, 3, and
7 days. Because MgCl2 contains chloride ions, which may also have a
significant effect, 0–20 mM of sodium chloride (NaCl) was used as a
control to ensure that the effect is solely due to Mg ions. The negative
control group was hBMSCs cultured in media without MgCl2 or NaCl.

hBMSCs were also treated with different alkaline pH levels, and two
experiments were conducted. The first experiment involved adjusting
the pH of the media to different alkaline levels of 7.75, 8, and 8.25 and
changing the media every 12 h to maintain the alkaline pH level during
culture time inside the incubator with 5 % CO2 buffer. The second
experiment involved adjusting the pH of the media to 7.6, 7.8, and 8
only once initially (t = 0 h) and measured the changes of the pH drop
due to the 5 % CO2 buffer. The negative control group was cells cultured
in media without adjusting the pH. Themain difference between the first
and second experiments was the acute or chronic alkaline pH effect on
cells. hBMSCs were cultured for t = 1, 2, or 3 days.

Lastly, hBMSCs were treated with either MgCl2 or hydrogen peroxide
(H2O2) at different pH levels: 7.4 or 7.75. The pH of the media was
adjusted to either 7.4 or 7.75 using HCl or NaOH. Either 1 mM of MgCl2,
0.44 nM of H2O2, or both (1 mMMgCl2 + 0.44 nM of H2O2) were added
to the media of either pH. The negative control groups were cells
cultured in media with a pH of 7.4 without any addition of Mg ions or
H2O2. There was a total of 8 groups.

1) 0 mM MgCl2 + 0 nM H2O2 + pH 7.4
2) 1 mM MgCl2 + 0 nM H2O2 + pH 7.4
3) 0 mM MgCl2 + 0.44 nM H2O2 + pH 7.4
4) 1 mm MgCl2 + 0.44 nM H2O2 + pH 7.4
5) 0 mM MgCl2 + 0 nM H2O2 + pH 7.75
6) 1 mM MgCl2 + 0 nM H2O2 + pH 7.75

7) 0 mM MgCl2 + 0.44 nM H2O2 + pH 7.75
8) 1 mm MgCl2 + 0.44 nM H2O2 + pH 7.75

The media was changed every 12 h to give multiple doses of alkaline
pH with or without MgCl2 or H2O2 to somewhat mimic the chronic
alkaline and oxidative stress conditions. hBMSCs were cultured for a
total of t = 1, 2, 3, or 7 days. The media was made fresh at each time
point to ensure that pH did not deviate as well as the actual concen-
trations of MgCl2 and H2O2.

2.4. In vitro intracellular and mitochondrial ROS measurement

Certain concentrations of Mg, 100, 400, and 800 μg/mL, were
selected to measure the intracellular level of ROS. Different concentra-
tions of H2O2 were used to compare the intracellular ROS levels between
Mg and hydrogen peroxide. 0.1, 0.5, or 1 μL of 3 % H2O2 solution
(ThermoFisher Scientific, Catalog #: 426,001,000) was diluted into 50
mL of cell culture media to yield the final concentrations of 0.88, 4.4,
and 8.8 ηM, which were given 2 mL per well. The negative control group
was hBMSCs cultured in regular cell culture media (αMEM + 10 % FBS
+ 1% PS). Intracellular ROS or mitochondrial ROS were measured using
the Reactive Oxygen Species Assay Kit (Beyotime, Catalog #: S0033M)
or mitochondrial ROS 580 Kit (AAT Bioquest, Catalog #: 16,052) at
different time points for up to 2 days of culture. Hoechst 33,342
(ThermoFisher Scientific, Catalog #: 62,249) was used to stain the live
cells with ROS staining to determine whether changes in ROS reading
are due to the changes in cell number or the treatment. So, the total
intracellular ROS and Hoechst 33,342 were measured using three
different cell seeding densities of 3000, 6000, and 9000 cells/cm2 for
calibration. ROS and Hoechst fluorescence were imaged and measured
using a microplate reader (Infinite ® 200 Pro, Tecan).

2.5. In vivo ROS imaging

Balb/c nude male mice with an average weight of about 25 g were
used. They were anesthetized using isoflurane gas before operation. A
small cut was made subcutaneously and a pocket was created. Either 1
mm (left side) or 2 mm (right side) of pure Mg rod was inserted with 200
mL of PBS or 50 μMH2O2 solution to mimic the simulated inflammatory
conditions. In addition, there were two blank groups without Mg but
only an injection of 200 mL of PBS or 50 μM H2O2 solution into the
pocket. The wounds were sutured, and the mice were allowed to briefly
recover for 1 h. Luminol (Catalog #: HY-15922A; MedChemExpress
LLC) powder was dissolved in PBS (0.01 g per ml), which was then
injected into mice with a final dosage of 100 mg/kg. The biolumines-
cence was detected and imaged using Caliper IVIS Spectrum and Living
Image® version 4.2. ROS was measured within 5–10 min after luminol
injections into the peritoneum. The mice were under isoflurane anes-
thesia about 2–3% during imaging. ROS was measured over time at t =
1 h, 1 day, 2 days, and 3 days until there was no ROS detection. There
were 3 mice per group.

2.6. Transcriptome sequencing

2.6.1. Cell preparation and experiment
Transcriptome sequencing was conducted for hBMSCs treated with

either 50, 100, or 200 μg/mL of Mg for t = 1, 3, or 7 days compared to
the negative control group (0 μg/mL), where at t = 7 days, only one
concentration, Mg 100 μg/mL, was tested. Three samples were prepared
per experimental group.

2.6.2. mRNA qualitative and quantitative analysis
After the mRNA samples were extracted, purity was assessed using

Nanodrop by measuring the OD260/280 and OD260/230 ratios, and
integrity was evaluated using Agilent 2100/4150.
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2.6.3. Library preparation of mRNA transcriptome sequencing
1 μg of RNA was used per sample for the mRNA library preparation.

Most of the mRNA from eukaryotes had polyA tails, which were
enriched by Oligo (dT) magnetic beads. The obtained mRNAs were
randomly interrupted by bivalent cations, and the first strand of cDNA
was synthesized in the first strand enzymes reverse transcriptase system
using the segmented mRNA as the template and the random

oligonucleotide as the primer. The second strand of cDNA was synthe-
sized using the second strand of enzymes and dNTPs. Purified double-
stranded cDNAs underwent end-repair, A-tailing, and ligation with
sequencing adapters. cDNAs with an insert size of approximately
200–300 bps were screened. PCR amplification was performed, and the
PCR product was purified again, obtaining a library. The library quality
was assessed on the Agilent 4200 TapeStation.

Fig. 1. A) SEM images of Mg particles before corrosion. B) SEM images of Mg particles corroded in complete media (αMEM + 10 % FBS + 1 % PS) for t = 1, 3, or 7
days. EDS showing elemental analysis for Mg particles C) before corrosion and corroded in complete media for D) t = 1 day, E) t = 3 days, and F) t = 7 days. FTIR
spectrum of Mg of G) before corrosion and corroded in complete media for H) t = 1 day, I) t = 3 days, and J) t = 7 days. X-ray diffraction patterns of Mg K) before
corrosion and corroded in complete media for L) t = 1 day, M) t = 3 days, and N) t = 7 days.
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2.6.4. Sequencing
After passing the library inspection, the library preparations were

sequenced on a NovaSeq6000 platform (CHI BIOTECH CO., LTD), and
150 bp stand-specific paired-end reads were generated.

2.6.5. DNA analysis- quality control
Raw data (raw reads) of fastq format were first processed through in-

house per script. In this step, clean data (clean reads) were obtained by
trimming reads containing adapter, ploy-N, or with low quality from
raw data. At the same time, Q20, Q30, and GC content of the clean data
were calculated. All the downstream analyses were performed based on

Fig. 1. (continued).
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clean data of high quality.

2.6.6. Reads mapping to the reference genome
Reference genome and gene model annotation files were down-

loaded from the genome website. The reference genome index was built
using Star v2.7.10b and paired-end clean reads were mapped to the
reference genome.

2.6.7. Quantification of gene expression level
FeatureCounts (v2.0.3) was used to count the read numbers mapped

to each gene. Then, TPM was calculated, which is the expected number
of transcripts per kilobase of the exon model per million mapped reads.
TPM considers the effect of sequencing depth and gene length for the
read count simultaneously and is currently the most commonmethod for
estimating gene expression levels.

2.6.8. Differential expression analysis
Prior to differential gene expression analysis, for each sequenced

Library, the read counts were adjusted by the EdgeR program package
through one scaling normalized factor. Differential expression analysis
of two conditions was performed using the EdgeR R package (3.40.2).
The p-values were adjusted using the Benjamini & Hochberg method.
Corrected p-values of 0.05 were set as the threshold for significantly
differential expression.

2.6.9. GO and KEGG enrichment analysis of differentially expressed genes
Gene Ontology (GO) enrichment analysis of differentially expressed

genes was implemented by the ClusterProfiler R (4.6.2), in which gene
length bias was corrected. GO terms with corrected p-values less than
0.05 were considered significantly enriched GO functions of the gene
set. KEGG is a database resource for understanding high-level functions
and utilities of the biological system, such as the cell, the organism, and
the ecosystem, from molecular-level information, especially large-scale
molecular datasets generated by genome sequencing and other high-
throughput experimental technologies (http://www.genome.jp/kegg/
). We used ClusterProfiler R to test the statistical enrichment of differ-
ential expression genes in KEGG pathways.

2.7. Proteome analysis

2.7.1. Cell preparation and experiment
Proteome analysis was conducted for hBMSCs treated with 100 μg/

mL of Mg for t = 2 days compared to the negative control group (0 μg/
mL). Three samples were prepared per experimental group.

2.7.2. DIA (data independent acquisition)
The UltiMate 3000 (Thermo Fisher Scientific, MA, USA) liquid

chromatography system was connected to the timsTOF Pro2, an ion-
mobility spectrometry quadrupole time of flight mass spectrometer
(Bruker Daltonik, Bremen, Germany). Samples were reconstituted in 0.1
% FA and 200 ng of peptide was separated by AUR3-15075C18 column
(15 cm length, 75 μm i. d., 1.7 μm particle size, 120 Å pore size, Ion-
Opticks) with a 60 min gradient starting at 4 % buffer B (80 % ACN with
0.1 % FA) followed by a stepwise increase to 28 % in 25 min, 44 % in 10
min, 90 % in 10 min and stayed there for 7 min, then equilibrated at 4 %
for 8 min. The column flow rate was maintained at 400 ηL/min with the
column temperature of 50 ◦C. DIA data was acquired in the diaPASEF
mode. We defined 22 × 40 Th precursor isolation windows from m/z
349 to 1229. To adapt the MS1 cycle time, we set the repetitions to
variable steps (2–5) in the 13-scan diaPASEF scheme. During PASEF
MSMS scanning, the collision energy was ramped linearly as a function
of the mobility from 59 eV at 1/K0= 1.6 V s/cm2 to 20 eV at 1/K0= 0.6
V s/cm2.

2.7.3. Database search
Raw Data of DIA were processed and analyzed by Spectronaut 18

(Biognosys AG, Switzerland) with default settings. The database was
Uniprot-Homo Sapiens (version 2022, 20,610 entries), downloaded
from Uniprot. Trypsin was the digestion enzyme used. Carbamido-
methyl on cysteine was specified as the fixed modification. Oxidation on
methionine and acetyl on protein N-term was specified as variable
modification. The retention time prediction type was set to dynamic iRT.
Spectronaut determined data extraction based on extensive mass cali-
bration. Spectronaut dynamically determined the ideal extraction win-
dow depending on iRT calibration and gradient stability. The Q-value
(FDR) cutoff on the precursor level was 1 %, and the protein level was 1
%. Decoy generation was set to mutate, similar to scrambled, but only
applied a random number of AA position swamps (min = 2, max =

length/2). The normalization strategy was set to local normalization.
Peptides that passed the 1 % Q-value cutoff were used to calculate the
major group quantities with the MaxLFQ method.

2.7.4. Data quality control
After the offline data from the mass spectrometry was completed, a

series of quality controls were required to ensure the reliability of the
data results. Quality control of mass spectrometry data included liquid
phase system, mass spectrometry system, qualitative results, quantita-
tive results, etc. The parameters of quality control included missed
cleavage, specific enzyme cleavage, non-specific modification, half-peak
width, ion peak time distribution, ion charge number distribution, mass
axis offset, etc.

2.8. In vivo bone femur defect

Sprague-Dawley male rats with an average weight about 400–450 g
were used for this study. All animal experiments were conducted at
Shenzhen Institute of Advanced Technology (SIAT), Chinese Academy of
Sciences (CAS), located in Shenzhen, Guangdong Province, China, under
the supervision of Animal Research Committees of SIAT. Animals were
kept and fed in a feeding room with a temperature of 22 Celsius and
relative humidity of 40–70 %. Animals spent 7 days of an adjustment
period in the feeding room before the experiment. All animals were
operated on under general anesthesia (using isoflurane gas). Both fe-
murs were drilled closer to the knee, 2 mm in size, and either pure Mg
rods (diameter 2 mm x height 5 mm) were inserted or the defects were
left blank. The rats were checked three consecutive days after the sur-
gery for any signs of discomfort or perioperative infections. All animals
were allowed to move, eat, and drink freely after the surgery. They were
sacrificed at 1, 2, 4, or 8 weeks after implantation.

The harvested femurs from rats were fixed in 4 % paraformaldehyde
(PFA, BOSTER) for 24 h at normal atmospheric temperature and then
scanned with micro-CT (SkyScan 1176, Bruker, Germany) with an 18 μm
resolution. NRecon software (1.7.1.0, Bruker, Germany), DataViewer
(1.4.4.0, SkyScan, Germany), CT Analyser (1.11.8.0, SkyScan, Germany)
were used for image format conversion, image axial adjustment, and
data analysis, respectively. Using Bruker CTAn Micro-CT software, the
region of interest (ROI) was chosen from the scanogram of micro-CT for
threshold segmentation to analyze various morphological characteris-
tics of the bone-implant interface and calculate new bone volume to
total bone volume (BV/TV) and bone mineral density (BMD) at the
femoral defect site.

Rat femurs were harvested, rinsed with PBS 3 times, and fixed with 4
% PFA for 1 day. The femur was decalcified with neutral EDTA solution
for 4 weeks and dehydrated using different gradients of ethanol (70 %,
80 %, 90 %, 95 %, and 100 % volume fraction). The decalcified speci-
mens were then sealed in a paraffin mold, which was sliced on a
microtome and transferred to a slide to dry. Immunohistochemistry
staining (IHC) was used to detect HIF1α and β-catenin. Image J software
(NIH) and IHC Toolbox (https://imagej.net/ij/plugins/ihc-toolbox/)
were used to quantify the expressions from the IHC images.
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Fig. 2. A) hBMSCs treated with different concentrations of Mg particles between 0 and 1600 μg/mL, then fixed and stained with DAPI (nucleus, blue) and Phalloidin-
488 (actin, green) over time t = 1–3 days. Cell count and CCK-8 analysis showing cell viability and proliferation after Mg particle treatment for B) t = 1 day, C) t = 2
days, D) t = 3 days, and E) t = 7 days (for 7 days, only CCK-8 value is shown). hBMSC proliferation shown as optical density after F) 0–20 mM of MgCl2 treatment, G)
chronic alkaline pH from 7.4 to 8.25 replenished every 12 h, and H) acute alkaline pH between 7.4 and 8. I) Actual in vitro pH measured for the acute pH experiment
as the pH fell over time due to 5 % CO2 incubation. J) qPCR measuring relative gene expressions levels for hBMSCs treated with different concentrations of either Mg
particles, MgCl2, alkaline pH (acute), or H2O2 for t = 1–3 days. K) Runx2/Sox9 ratio taken from qPCR measurements to show the potential of osteogenesis, where Mg
particles showed the highest Runx2/Sox9 ratio over 2-fold compared to the other groups. Two-way ANOVA analysis was used to find statistical significance using
GraphPad Prism 10.2 software, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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2.9. Mg and Mg-Ti in vitro cytotoxicity

2.9.1. Characterization of Mg and Mg-Ti particles
Mg particles were purchased from Goodfellow (Catalog #:

MG006021), generated by mechanical abrasion, with 99.8 % Mg purity.
These Mg particles were made from mechanical processing, such as
cutting or milling. Mg particles were then sieved down to the required
particle range so that most of the particles did not exceed the maximum
diameter of 50 μm. These Mg particles were used to make an Mg-Ti
galvanic couple via a direct current sputtering machine (Denton Vac-
uum Desk II, Denton Vacuum, LLC) for 5 min at 1.2 kV, 50 mA, and
100–200 mTorr. Sputtering allowed a Ti layer to cover only the top half
of the Mg particles due to the line-of-sight nature of the sputtering
process, leaving the bottom half of the Mg particles uncovered. The SEM
images and EDS analysis of these particles are shown in Ref. [21].

Hydrogen gas volume was measured by adopting the samemethod as

Song et al. [22]. SFig. 1 shows a schematic illustration of the experi-
mental setup and the step-by-step pictures of the experiment for visual
clarity. In short, a 5 mL pipette was used as a column to measure the
hydrogen gas, where one tip was used to connect to a cone glued with
silicone to prevent any gas leakage from the junctions. At the bottom of
the conical funnel, 0.05 g of Mg or Mg-Ti particles were corroded in cell
culture media (αMEM + 10 % FBS + 1 % PSG) to measure the hydrogen
gas volume for t = 0–3 days. When hydrogen gas was produced during
Mg or Mg-Ti corrosion, hydrogen gas floated up to the top of the pipette,
displacing the same volume of liquid, which was recorded over time.
Hydrogen gas volume was used to predict the corrosion rates of pure Mg
versus Mg-Ti.

0.01 g of Mg or Mg-Ti were corroded in either 10 mL of PBS solution
or 10 mL of PBS solution mixed with 2 mg/mL of fibrinogen for 4 days to
understand Mg and Mg-Ti corrosion behavior in a single protein solu-
tion. XRD (Rigaku RINT2200) diffraction patterns were obtained with

Fig. 3. hBMSCs were treated in either just Mg ions, H2O2, or both at either pH of 7.4 or 7.75 with media replenished every 12 h for t = 1–7 days. A) hBMSC
proliferation measured in optical density and B) relative gene expressions of Runx2, ALP, Sox9, beta-catenin, and DKK1. Two-way ANOVA analysis was used to find
statistical significance using GraphPad Prism 10.2 software, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Ni-filtered Cu Kα radiation (λ = 1.54068 Å) generated at 30 kV and 30
mA at a scanning speed of 0.5◦2θ/min in the range of 1-50◦2θ and then
analyzed using MDI (Jade version 5) software. The samples were also
analyzed with FTIR (PerkinElmer Instrument and Spectrum One soft-
ware) in reflectance mode, where CoCrMo alloy was used as the back-
ground sample.

2.9.2. In vitro cytotoxicity
Different concentrations of sodium hydroxide (NaOH, Fisher

ChemicalTM, Catalog #: SS255-4) were added in 10 mL of complete
media (αMEM+ 10% FBS+ 1% PSG) to vary the pH levels from 7 to 11,
and the pH of the media was measured using the pHmeter (Omega PHB-
45, Omega Engineering, Inc.). 2 mL of complete media with different pH
ranging from 7 to 11 was used to culture MC3T3-E1 (ATCC #: CRL-
2593) cells with a cell seeding density of 10,000 cells/cm2 in a 6-well

Fig. 4. A) Hoechst calibration shows that Hoechst measurement is dependent on cell numbers. B) Hoechst measurement after treating hBMSCs with either Mg 0–800
μg/mL or H2O2 0–8.8 ηM from 1 h to 2 days. C) ROS calibration showing ROS fluorescence intensity measurement at different cell seeding densities from 3000 to
9000 cells/cm2. Cells at 3000 cells/cm2 were also measured without ROS staining. E) Hoechst and F) total intracellular ROS levels after Mg or H2O2 treatment and 1
mM sodium pyruvate for t = 1 day. I) Hoechst and J) total intracellular ROS levels after Mg particle treatment in oxidative stress environment for t = 1 day. K)
Hoechst and L) total intracellular ROS levels after Mg particle treatment in oxidative stress environment with 1 mM of sodium pyruvate for t = 1 day. Two-way
ANOVA analysis was used to find statistical significance using GraphPad Prism 10.2 software, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

J. Kim et al. Bioactive Materials 45 (2025) 363–387 

372 



plate (A = 9.6 cm2 per well) for either t = 1 h or t = 1 day. MC3T3-E1
cells were also cultured with Mg or Mg-Ti 0–1750 μg/mL for either t= 1
h or t= 1 day. Certain concentrations of Mg (250, 750, and 1500 μg/mL)
were used to treat MC3T3-E1 over time from t= 0 h to 72 h. At the end of
the desired time point, cells were stained with live/dead assay (Invi-
trogenTM, catalog #: L3224) to measure cell viability. Ten images were
randomly taken per sample, 3 samples per group (30 images per group).
Cell viability was measured as % cell viability= # live cells/(# live cells
+ # dead cells) * 100 %. Cells were counted using the “cell counter” tool
from the Image J software (NIH).

2.10. Graphs and statistical analysis

Either one-way or two-way ANOVA analysis was used in GraphPad
Prism 10 software to measure significance, where *p< 0.05, **p< 0.01,
***p < 0.001, and ****p < 0.0001. All graphs were generated from
GraphPad Prism 10, and all illustrations and images were generated
using BioRender (https://www.biorender.com).

3. Results

According to Fig. 1, Mg particles purchased from Beijing Zhongke
Yannuo New Material Technology Co. Ltd. Were spherical in shape with
smooth surfaces, yielding a moderate corrosion rate in solution,
although the purity of Mg was high (99.99 %). The average diameter of
Mg particles was 45–50 μm, achieved by mechanical sieving, but there
was still 5–15 % fine powder with a smaller diameter range between 5
and 15 μm (Fig. 1A). Regardless, the size of these Mg particles was in a
narrow range that achieved relatively consistent and uniform corrosion
rate and duration, where most of these particles actively corroded for
2–3 days. Furthermore, the size ranges of these particles were equivalent
or larger than an average hBMSC and so, large microparticles were used
to ensure that cell-material interactions are mostly extracellular and
electrochemical, minimizing any individual phagocytosis via the lyso-
somal pathway and causing some kind of genotoxicity due to particle
internalization. This was particularly true when assessing cells in the
early time points within 24–48 h. While we did not assess genotoxicity
and effect of particle internalizations in this study, there is a study by Di
Virgilio et al. that used magnesium particles (purity 99.8 %) with an
average size of 58.9 μm ± 20.7 μm that measured cytotoxicity and
genotoxicity [23]. For their study, rat osteosarcoma UMR106 cells
treated with magnesium particles for 24 h showed a positive micronu-
cleus test that showed chromosomal damage in a
concentration-dependent manner, as well as DNA strand breaks using
Comet assay for those treated with particle concentrations of 500
μg/mL. Since our study design is similar, we also expect that the cells
could have internalized the particles, and at high concentrations, some
genotoxicity is induced. In our study, Mg particles were randomly
distributed in solutions during corrosion, so particle corrosion might not
have been homogeneous in areas where particles were more clumped,
preventing even particle exposure to the solution. So, some particles
were corroded completely with a thick formation of oxides; in contrast,
others remained partially or largely uncorroded, leading to some vari-
ability in individual particle corrosion. High particle concentrations
increased particle aggregation that led to oxide needle formation seen in
SEM images, but oxide needles did not form in cell experiments for the
particle concentrations between 0 and 1600 μg/mL.

Despite this limitation, SEM and EDS analysis showed that Mg par-
ticles corroded well in complete media, forming needle-shaped oxides
over time (Fig. 1B). EDS analysis of Mg particles before corrosion con-
sisted mostly of Mg (more than 90 %) (Fig. 1C), although there was a
slight oxidation due to long-term storage (about 2 years) and exposure to
oxygen in the atmosphere despite careful sealing and storage (see
SFig. 2). Mg particles corroded quickly during the first three days, where
Mg content reduced to 15–22 % while O content increased to 65–85 %,
indicating oxide or hydroxide formation on the Mg surface (Fig. 1D–F).

There was a distinct difference in other elemental content between
oxide/hydroxide films and the remaining Mg metal surface, where the
oxide/hydroxide consisted of only Mg and O, while the remaining Mg
metal also contained some Na, Ca, and P. FTIR analysis also indicated
that Mg particles before corrosion did have some oxidation, showing a
strong and broad band around 3200-3500 cm− 1, associated with -OH
stretching vibration of surface-adsorbed water molecules [24], which
exist in all groups (Fig. 1G–J). Two regions showed high variability
between before and after corrosion; the first was the low-frequency
fingerprint region around 850-550 cm− 1, corresponding to the stretch-
ing vibration of Mg-O bonds specific to the material [24]. This region
showed up as a sharp peak for Mg powder before corrosion but dis-
appeared for those corroded in complete media (CM), possibly showing
that MgO formed from atmospheric oxidation converted to stable Mg
(OH)2 in solution. Another region that exhibited changes was between
1400 and 1500 cm− 1. Twin peaks that appeared in Mg particles before
corrosion increased in intensity and sharpness for those corroded in CM,
also correlating to -OH stretching and bonding [25,26], another indi-
cation of Mg(OH)2 formation rather than MgO. XRD provided further
insight into the changes in surface crystallography due to the corrosion
of Mg. First, Mg before corrosion shows peak diffraction patterns that
match the XRD of pure Mg found in other literature [27]. XRD analysis
showed a peak at 18◦, referring to Mg(OH)2 (001), which showed up
after the corrosion of Mg in CM for t = 7 days. There were four peaks
between 25 and 30◦ that could not be immediately explained because
they did not seem to belong to either pure Mg, MgO, or Mg(OH)2;
however, there is a hypothesis that these are unique peaks that indicate
some crystallography on the Mg surface due to the presence of proteins
that affected Mg corrosion and oxidation since these peaks only
appeared when Mg particles were corroded in either FBS, αMEM, or CM
but not in PBS (SFig. 6). SFigs. 2–7 provide detailed material charac-
terization (SEM, EDS, FTIR, and XRD) and in vitro pH measurements of
Mg particles corroded in different solutions, mainly PBS, FBS, αMEM, or
CM over time, to show that Mg corrosion is significantly affected by the
presence of proteins (i.e., FBS), causing passivation. The in vitro pH
levels of even the highest concentrations, like 1600 μg/mL of Mg par-
ticles, did not exceed 8.2 at t= 0 h, which drops to 7.5 after t= 3 h in 5%
CO2 incubation, indicating that the corrosion rate is not high (SFig. 7).

hBMSCs were treated with different Mg particle concentrations be-
tween 0 and 1600 μg/mL for t = 1, 2, 3, and 7 days to understand how
different corrosion rates of Mg, mimicked by particle concentrations,
affect cells over time (Fig. 2A–E). CCK-8 analysis showed no significant
changes in cell proliferation for the first two days; however, based on
cell images, there seemed to be a difference in cell number between
groups (Fig. 2A–C). Therefore, cells were manually counted per image to
estimate the average cell number per well and some discrepancies in the
cell number data and CCK-8 in the first two days (Fig. 2C and D). For
instance, CCK-8 analysis shows that cell proliferation did not change at t
= 1 day, but the average cell numbers increased proportionally to
increasing particle concentrations, with the average cell numbers
around 10,000 cells (per well) from the control group (0 μg/mL) and
about 40,000 cells for the 1600 μg/mL group at t= 1 day, showing about
a 4-fold increase in cell numbers due to particle treatment, even though
the cell seeding density was the same (3000 cells/cm2) (Fig. 2B). The
early corrosion phase promoted cell proliferation. Similarly, at t = 2
days, CCK-8 analysis shows almost no changes, but there was a signifi-
cant decrease in cell viability as particle concentrations increased, which
is the opposite of the first day (Fig. 2C). Based on the cell count, cell
numbers more or less decreased proportionally to increasing particle
concentrations, with average cell numbers (per well) for the control and
1600 μg/mL about 60,000 and 35,000 cells at t= 2 days, respectively. At
t = 3 days, CCK-8 analysis and cell count matched as Mg corrosion was
significantly reduced and almost finished. The average cell numbers for
the 0 and 1600 μg/mL are about 80,000 and 25,000, respectively, and
the average O.D. values for the 0 and 1600 μg/mL are about 0.8 and 0.5,
respectively (Fig. 2D). The discrepancy between CCK-8 and cell count in
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the first two days can be explained by the fact that Mg corrosion in-
terferes with the reduction of WST-8 molecule that typically yields
yellow-colored formazan that reflects the dehydrogenase activity of
living cells, where the yellow color is measured as optical density. While
our experimental protocol involved gently washing the cells 3–4 times
with PBS to remove as many Mg particles as possible before adding a
fresh media with 10 % CCK-8 and incubating for t = 1 h before reading,
not all Mg particles could be ideally removed as some Mg particles
remain entangled with cells. However, longer culture times like t = 7
days were not affected because Mg particles were corroded entirely and
oxidized before this time point (data not shown; based on SEM or
microscopical images, as well as changes in pH). Therefore, actual cell
count may be a more reliable measurement of cell viability when any
metal is actively corroding. At t = 7 days, which is the post-corrosion
period, lower concentrations between 25 and 100 μg/mL significantly
increased cell proliferation compared to the control group, while higher
concentrations between 200 and 1600 μg/mL showed significantly
lower viability than the control group (Fig. 2E). Another way of viewing

the data is that all Mg groups except 1600 μg/mLwere able to proliferate
over time by t = 7 days, showing an increase in the O.D. values over
time; however, there were no significant changes in the O.D. values for
the Mg 1600 μg/mL group from t = 1 day to 7 days. The average cell
numbers are more or less around 40,000 for the first two days and about
25,000 at t= 3 days. The O.D. values for t= 3 and 7 days are about 0.5 at
both times, showing that at this high concentration, cells cannot pro-
liferate, indicating cytotoxicity. We also repeated the experiment with a
higher cell seeding density of 10,000 cells/cm2, provided in SFig. 8;
toxicity measurement is significantly affected by cell seeding density,
but gene expressions were relatively the same (showing the same trend
of either up or down-regulation).

Next, we investigated how Mg ions (MgCl2), H2O2, and alkaline pH
(NaOH) affected hBMSCs independently before investigating how they
affected cells concomitantly. We wanted to investigate whether the
initial increase in cell number at t = 1 day is due to Mg ions or some
other factor. Mg ions induced high cell proliferation for intermediate
concentrations between 2.5 and 7.5 mM compared to the control group,

Fig. 5. A) Mg implant rods that were implanted in Balb/c nude mice. Two different sizes of Mg were implanted in the same mice. B) Total intracellular ROS signals
detected after implantation of either 1 mm (left) and 2 mm (right) diameter pure Mg rods subcutaneously in mice for either t = 1 h or 1 day. Images of C) blank
controls without Mg rods, either injected with PBS or 50 μM H2O2 into the subcutaneous pocket (about 200 mL of volume) to show that without Mg rods, there is no
ROS detection. D) Pure Mg rods were inserted with either PBS or 50 μM H2O2 solution over time from 1 h to 3 days until no ROS signal was detected. The min and
max thresholds used to detect for blank groups were min = 1000 and max = 1200 and for Mg groups min = 160 and max = 700. Two-way ANOVA analysis was used
to find statistical significance using GraphPad Prism 10.2 software, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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as early as t = 1 day (Fig. 2F). By t = 3 days, Mg ions 2.5–7.5 mM
increased cell proliferation by 1.5-fold. Cell proliferation was much
slower for the 10- and 20-mM groups in the first three days, but cells
were still able to proliferate and reach confluency by t = 7 days. This
dose-dependent response to Mg ions was actually observed when cells
were treated with Mg particles for t = 7 days. Cells treated with Mg
particles of 25–100 μg/mL showed significantly increased cell prolifer-
ation compared to the control group, where the O.D. values were around
2 and 2.5–2.8 for the control and 25–100 μg/mL groups, respectively. A
hypothesis is that during the first three days, Mg particles were actively
corroding, so the cell viability was affected more by the reduction re-
actions than by Mg ions. However, at t = 7 days, when most of the Mg
particles stopped corroding, reduction reactions also stopped, and so,
Mg ions released into the solution were able to promote cell prolifera-
tion. Interestingly, 25–100 μg/mL of Mg particles would theoretically
release about 1–4 mM of Mg ions if particles were completely corroded,
which aligns with the concentrations of Mg ions found to enhance cell

proliferation (2.5–7.5 mM). To ensure that Mg ions are inducing pro-
liferation and not chloride ions, we compared the MgCl2 with NaCl in
SFig. 9. Since there are 1:2 chlorides in NaCl:MgCl2, 2.5 mM of NaCl was
compared to 5 mM of MgCl2, for example. While MgCl2 shows a sig-
nificant increase in cell proliferation, NaCl does not, so we can attribute
the enhanced proliferation to Mg ions.

Chronic alkaline pH (Fig. 2G) and acute alkaline pH (Fig. 2H) were
similar in experimental design, except for the duration. Cells in the acute
alkaline pH experiment were cultured in cell culture media with pH
adjusted only at t = 0 h, which drifted over time until the end of the
experiment due to a 5 % CO2 buffer. The actual in vitro pH levels were
measured in Fig. 2I; for example, pH 8 at t= 0 h shifted to pH 7.7 after 1
day. Acute alkaline pH increased cell viability significantly by t= 3 days
for all alkaline pH groups. Previous studies that reported that moderate
alkaline pH is beneficial to osteoblast and BMSC proliferation and ac-
tivity used this acute pH method [28–31], coinciding with our results.
On the other hand, chronic pH shows the opposite trend. This

Fig. 6. Transcriptome sequencing of hBMSCs treated with Mg 100 μg/mL for A) t = 1 day, B) t = 3 days, and C) t = 7 days compared to the control group (no particle
treatment). KEGG pathway analysis shows that pathways enriched include PI3K/Akt pathway for all time points. Other enrichment pathways include ECM-receptor
interaction, AGE-RAGE signaling pathway in diabetic complications, TGF-beta signaling pathway, cell cycle/citrate cycle, chemical carcinogenesis-reactive oxygen
species (ROS).
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experiment should have ideally exposed cells to a fixed alkaline pH, but
this was impossible with our current available resources. So, instead, the
media was changed every 12 h to maintain the alkaline pH as much as
possible, although this method is imperfect in that the media could also
drift in between the 12 h. However, despite the limitations of the current
method, some observations were made. When cells were exposed to
chronic alkaline pH (or “multiple doses” of alkaline pH), cell viability
was adversely affected even if the pH was not too high. Specific gene
expressions were measured and compared among those treated with Mg
particles, MgCl2, acute alkaline pH, and H2O2, and Mg particles were the
only group that was able to significantly up-regulate (more than 2-fold)
genes like RUNX2, FGF2, and PDGFRα when other groups could not
(Fig. 2J). FGF2 and PDGFRα are both critical for angiogenesis, bone
healing and remodeling [32–36]; RUNX2 is a master transcription factor
essential for osteogenesis [37], and so it is interesting that these genes
are only up-regulated by Mg corrosion. Mg ions and Mg particles both
up-regulated ALP gene expression important for osteoblast activity and
bone mineralization [38]; however, Mg ions at high dosage also
up-regulated IL-6, a pro-inflammatory gene [39] at t = 3 days. IL-6 was
also significantly up-regulated at t = 1 day due to acute alkaline pH;
however, Mg particles never up-regulated IL-6 even at high particle
concentrations. In fact, Mg particles significantly down-regulated down
to 0.5 or lower with increasing concentrations at t = 2–3 days. Pricola
et al. have shown that BMSCs normally secrete a substantial amount of
IL-6, but IL-6 production is significantly reduced during their differen-
tiation into osteogenic cells [40]. So, Mg corrosion may be promoting
osteogenic differentiation of hBMSCs in vitro, reducing IL-6 expression.
Overall, Mg particles were the only group that up-regulated genes
related to osteogenesis and angiogenesis like Runx2, FGF2, PDGRFα,

ALP, and COL1A1 at t = 3 days, while down-regulating IL-6. In partic-
ular, the Runx2/Sox9 gene expression ratio [41], known as a good in-
dicator of the osteogenic potential of MSCs, was measured to show that
only the Mg particle group showed a ratio higher than 2-fold (Fig. 2K),
while Mg ions and H2O2 groups could only increase by 1.5-fold, and
alkaline pH significantly reduced the Runx2/Sox9 ratio when pH was at
8.

We also investigated the combinatorial effect of Mg ions, alkaline pH,
and H2O2. Chronic alkaline pH reduced the overall viability of all groups
compared to physiological pH. However, some notable observations
could be made. First, at t = 2 days, cell proliferation of all groups at pH
7.4 was the same (Fig. 3A). However, at chronic alkaline pH of 7.75,
cells treated with H2O2 or both MgCl2 and H2O2 showed significant
reduction (around 1 for the control group, around 0.8 for H2O2 only, and
around 0.6 for both; about 20–40 % reduction in proliferation). In
contrast, at t = 7 days, cells treated with H2O2 only or both MgCl2 and
H2O2 showed a significant decrease in cell proliferation (around 3.7 for
the control group, around 3.4 for H2O2 only, and around 3.3 for both;
about 10 % reduction in proliferation). So, in summary, cells exposed to
chronic alkaline pH show a lower viability than those cultured at a pH of
7.4; however, cells exposed to chronic oxidative stress at a pH of 7.4
eventually lead to a lower viability than those cultured in non-oxidative
stress of the same pH, while cells exposed to chronic oxidative stress at
alkaline pH show no difference compared to those cultured in alkaline
pH alone. This means that at alkaline pH, oxidative stress has no influ-
ence on cell viability/proliferation. Chronic alkaline pH significantly up-
regulated certain genes that acute alkaline pH could not, especially at t
= 1 day, such as WNT5A, β-catenin, and ALP (Fig. 3B). For the ALP gene,
cells treated with H2O2 or both MgCl2 and H2O2 at pH of 7.4 and all

Fig. 7. Proteome analysis after Mg treatment for t = 2 days. Enriched pathways found in proteome analysis matched enrichment pathways found from transcriptome
sequencing, including chemical carcinogenesis- ROS, mitophagy, AGE-RAGE, citrate cycle, ECM-receptor interactions, and so forth.

J. Kim et al. Bioactive Materials 45 (2025) 363–387 

376 



groups in alkaline pH of 7.75 showed a significant up-regulation at t = 1
day. At t= 2 days, ALP gene remained up-regulated for those cultured in
alkaline pH (Fig. 3C). For the β-catenin gene, all groups except those
treated with H2O2 or both MgCl2 and H2O2 at alkaline pH showed sig-
nificant up-regulation at t = 1 day, and WNT5A showed the same trend
as β-catenin, possibly because WNT5A is the upstream gene that acti-
vates β-catenin in the WNT signaling pathway.

Lastly, we measured total intracellular ROS and mitochondrial ROS
after treating cells with either Mg particles, H2O2, or Mg particles in
H2O2 to mimic simulated inflammatory conditions. We selected 0–8.8
ηM H2O2 concentrations to mimic simulated inflammatory conditions
because any concentrations higher than 8.8 ηM H2O2 began to signifi-
cantly decrease cell viability (for this cell type and cell seeding condi-
tions), and we did not want the H2O2 itself to affect cell viability (not
shown). Hoechst was first calibrated by measuring the fluorescence in-
tensities for cells at different cell seeding densities from 3000 to 9000
cells/cm2, which showed that Hoechst depends on the live cell number
(Fig. 4A). Hoechst fluorescence intensity is divided by that of the control
group at t = 1 h to show relative fluorescence intensity. Unlike H2O2
groups, Mg treatment slightly increased cell numbers after 24–48 h of
culture, which is consistent with the cell count data in Fig. 2 (Fig. 4B).
Total intracellular ROS was also calibrated by measuring the fluores-
cence intensities at different cell seeding densities (Fig. 4C). The ROS
signal was also measured without the ROS staining to ensure that the
ROS kit gives positive signals. When cells were cultured without any
treatment, ROS levels did not vary even if the cell seeding density
increased up to 3-fold, meaning that there won’t be any significant
changes in the ROS measurement due to cell number. Total intracellular

ROS levels were then measured after Mg or H2O2 treatment, and the
fluorescence intensities were not only divided by that of the control
group to show relative changes but also divided by the fluorescence
intensity ratio from the Hoechst experiment (Fig. 4B) in order to
calculate the total intracellular ROS levels detected per cell instead of
per well (Fig. 4D). It was interesting to observe that the Mg groups of
100 and 400 μg/mL that enhanced cell proliferation at 24–48 h
exhibited a significant decrease in total ROS levels, where the relative
ROS levels measured were 1 for the control and 0.5–0.6 for the Mg
groups (about 40–50 % reduction).

It was impossible to tell which specific ROS level was changing due
to the treatment, so we repeated the experiment for the t = 1 day group
and added 1 mM of sodium pyruvate, known to reduce hydrogen
peroxide into water, acetate, and carbon dioxide [42]. While Mg parti-
cles without sodium pyruvate significantly increased the Hoechst mea-
surements at t = 1–2 days, the addition of sodium pyruvate showed no
changes (Fig. 4E), further supporting that significant increase in cell
proliferation during early corrosion of Mg may be due to ROS, not Mg
ions. The total intracellular ROS due to Mg particles still decreased with
increasing particle concentrations, but the relative changes were far less,
from 1 (0 μg/mL) to 0.97 (400 μg/mL) in the presence of sodium py-
ruvate, while total ROS levels decreased far more from 1 to 0.5 without
sodium pyruvate (Fig. 4F). However, cells treated with H2O2 showed no
significant changes in Hoechst nor total ROS with or without sodium
pyruvate, possibly because H2O2 by itself in this concentration range
does not show any effect, especially when half-life is in milliseconds
[43]. We also measured mitochondrial ROS to see if the reduction in
total ROS is due to mitochondria (Fig. 4G and H). The purpose was to see

Table 3
Differential Genes Expressed by hBMSCs treated with Mg 100 μg/mL [44–84].
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if Mg was affecting the endogenous production of ROS in mitochondria
during oxidative phosphorylation. The fluorescence intensities were
divided by that of the control group at t = 1 day, so relatively, mito-
chondrial ROS levels were generally higher for the 6-hr group. Relative
to its control, cells treated with Mg 400 μg/mL showed a significant
decrease in mitochondrial ROS at t = 6 h (Fig. 4G), but there were no
changes by t= 1 day (Fig. 4H). So, the significant decrease in ROSwe see
at t = 1 day after Mg treatment is not due to mitochondria. We finally
wanted to determine how Mg particles modulate the ROS levels in a
simulated inflammatory environment (i.e., in the presence of H2O2).
Hoechst measurements showed no changes after Mg particle treatment
in different oxidative stress levels (Fig. 4I), which is different from Mg
particle treatment in normal conditions (refer to Fig. 4B). Again, cell
proliferation was found directly linked to total intracellular ROS levels
because cells treated with Mg in simulated inflammatory conditions
showed significantly higher ROS (around 0.9–1.1) compared to those
treated with Mg in normal conditions (0.6–0.8) (Fig. 4J). In other words,
Mg was able to decrease the total intracellular ROS that enhanced cell
proliferation in normal conditions, but under oxidative stress, Mg did
not reduce the intracellular ROS levels. We repeated the experiment
with the addition of sodium pyruvate and this time, the Hoechst mea-
surement showed a slight decrease in live cells for those treated with Mg
at higher H2O2 of 8.8 ηM compared to 4.4 ηM, but the change was too
slight (less than %5; Fig. 4K). The total ROS levels showed no changes
except for the highest particle concentration of 400 μg/mL in a high
oxidative stress environment (from 1 to about 0.75, about 25 % reduc-
tion; Fig. 4L).

In vivo ROS levels were also measured in Balb/c nude mice (Fig. 5).
Different Mg sizes of either 1 mm or 2 mm rods were used to see if the
size affected the ROS production (Fig. 5A). We implanted Mg rods
subcutaneously with either PBS or 50 μM H2O2 solutions to mimic
simulated inflammatory conditions. The 50 μM H2O2 concentration was
chosen based on a study that reported that 50 μM H2O2 or higher levels
are detected in plasma during inflammation [43]. We used two control
groups, injecting either PBS or 50 μM H2O2 inside the subcutaneous
pocket with or without Mg rods, which showed that no ROS signals were
detected without Mg rods (Fig. 5C). When pure Mg rods were inserted
into the pocket in either PBS or 50 μM H2O2, there were significant
amounts of ROS detected after 1 h of surgery (Fig. 5D), up to 1 day, and
then quickly reduced over time until no ROS was detected at 3 days. The
area of red-yellow regions was quantified as % and graphed (Fig. 5B).
There was no significant difference in the ROS signal due to Mg rod size.
However, in PBS, the 2 mmMg rod showed more positive ROS detection
when the 1 mm Mg rod stopped showing any ROS signal at t = 1 day. 1
mmMg rod in 50 μMH2O2 showed more ROS signals than 1 mmMg rod
in PBS at t = 1 day as well, so 50 μM H2O2 may help to excessively
corrode Mg for a longer time. Although the variability was high, the in
vivo ROS was detected at early time points when Mg rods were
implanted.

Transcriptome sequencing of hBMSCs treated with Mg 100 μg/mL
for different times showed that the PI3K/Akt pathway was enriched for
all time points (Fig. 6). The PI3K/Akt/mTOR pathway regulates cell
survival and proliferation, and this signaling pathway may be the major
pathway affected by Mg that either inhibited or promoted cell
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proliferation over time (refer to Fig. 2). Other enriched pathways based
on KEGG analysis included ECM-receptor interactions, chemical
carcinogenesis-reactive oxygen species, AGE-RAGE pathway, cell cycle,
and citrate cycle, which were also found significant in proteome analysis
(Fig. 7). Mitophagy, oxidative phosphorylation, andmetabolic pathways
were enriched as well, indicating that mitochondria and metabolism are
also significantly affected byMg. GO enrichment pathways were similar,
showing significance in osteoblast differentiation, cell migration,
collagen metabolism and homeostasis, ossification, and so on. The dif-
ferential genes that showed a higher log2fold change greater than ±2-
fold are listed in Table 3. Differential genes with log2 fold change higher
than 2 were listed with their p-values lower than 0.05, and many of them
were involved in proliferation and cell survival, osteogenesis, angio-
genesis, and mitochondrial functions/homeostasis (Fig. 8). Based on the
transcriptome sequencing data and proteome analysis, HIF1α gene was
one of the key genes found significant in many enrichment pathways of
Mg, including PI3K/Akt, chemical carcinogenesis- ROS, cell cycle, and
WNT. HIF1α was consistently found down-regulated during early
corrosion of Mg: − 0.186 log2fold change with a p-value of 5.21E-9 at t
= 3 days based on transcriptome sequencing and − 0.5 log2fold change
with a p-value of 2.58E-5 at t = 2 days via proteome analysis. The early

down-regulation of HIF1α was confirmed by qPCR, where HIF1α
expression was reduced by almost half at the same particle concentra-
tion of 100 μg/mL at t= 1 day (Fig. 8). KEGG and GO pathways for other
particle concentrations, as well as differential genes found significant
are listed in SFigs. 10 and 11.

HIF1α gene expressions were measured in different experimental
conditions to see which factors from oxidation and reduction reactions
dominantly affect HIF1α (Fig. 8). For Mg particles, HIF1α decreased
significantly for intermediate particle concentrations between 200 and
400 μg/mL at t = 1 day (Fig. 8A). However, eventually the lower con-
centrations of Mg between 25 and 200 μg/mL began to up-regulate
HIF1α with a 4-5-fold increase at t = 7 days. This is interesting since
these were also the concentrations that showed higher cell proliferation
at t = 7 days (refer to Fig. 2E). On the other hand, the high concentra-
tions between 400 and 1600 μg/mL did not up-regulate HIF1α, and these
were the concentrations that showed a significant drop in viability
compared to the control group (Fig. 8A). HIF1α is closely related to
oxidative stress and hypoxia, and so, cells were treated with H2O2 to
measure the changes in HIF1α expressions (Fig. 8B). H2O2 up-regulated
HIF1α in the first 3 days, especially on day 2 for the higher concentra-
tions groups of 4.4–8.8 ηM, resulting in over 2-fold change. Cells were

Fig. 8. HIF1α gene expressions for hBMSCs treated with A) Mg particles, B) H2O2, C) Mg or H2O2 with 1 mM sodium pyruvate, D) MgCl2, and E) combinations of Mg
ions and H2O2 in different pH levels (chronic). Two-way ANOVA analysis was used to find statistical significance using GraphPad Prism 10.2 software, where *p <

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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treated with either Mg or H2O2 in 1 mM sodium pyruvate, and for H2O2,
HIF1α was down-regulated instead of up-regulated. For Mg, HIF1α was
already down-regulated at t = 1 day and remained down-regulated with
sodium pyruvate (Fig. 8C). Although HIF1α was far more down-
regulated for the 400 μg/mL group without sodium pyruvate at 0.5-
fold compared to those with sodium pyruvate at 0.8-fold, this vari-
ability could just be due to technical variability and particle distribution.
The fact that the addition of sodium pyruvate in the H2O2 experiment
prevented the increase in HIF1α expression revealed that H2O2 is the
source. However, since Mg, in general, decreased HIF1α expressions at t

= 1 day regardless of sodium pyruvate meant that H2O2 is not the major
factor affecting HIF1α. Other ROS could be involved, or H2O2 in
conjunction with other factors could be affecting HIF1α together. For
example, cells treated with Mg ions and H2O2 at pH of 7.4 showed a
significant down-regulation of HIF1α compared to those treated with
H2O2 at pH of 7.4 alone (Fig. 8E). Since the actual in vitro pH of Mg
particles by t = 1 day is not alkaline (see SFig. 7), perhaps Mg ions and
H2O2 may be needed together. HIF1α expressions were also measured
after MgCl2 treatment, which significantly increased HIF1α for the
higher dosages between 7.5 and 20 mM, although the change was less

Fig. 9. In vivo bone defect femur analysis. Bone was drilled in 2 mm size and either pure Mg rod (d = 2 mm x h = 5 mm) was implanted or left blank. BMD and BV/TV
were analyzed from the micro-CT. IHC staining was done to measure HIF1α and β-catenin expressions in tissues, which was analyzed using Image J and IHC Toolbox
(https://imagej.net/ij/plugins/ihc-toolbox/). Two-way ANOVA analysis was used to find statistical significance using GraphPad Prism 10.2 software, where *p <

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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than 1.5-fold (Fig. 8D). The combination experiment could not precisely
replicate Mg corrosion, but measurement of HIF1α in different combi-
nations still provided some knowledge (Fig. 8E). One of the interesting
observations was that all groups that contained Mg ions showed a sig-
nificant down-regulation of HIF1α at t = 1 day, regardless of pH. Please
note that this experiment is different from the MgCl2 experiment in that
the media was adjusted using either HCl or NaOH to specifically adjust
the pH to either 7.4 or 7.75 at t= 0 h, and this media refreshed every 12
h. In fact, the pH 7.4 + 1 mM MgCl2 group has been given this media
twice by t = 1 day (once at t = 0 h and another at t = 12 h) and 14 times
by t= 7 days. This study shows that HCl and NaOHwith Mg ions have an
adverse effect on HIF1α at t= 1 day, although the mechanism is unclear.
At t= 3 days, there is a significant up-regulation of HIF1αwhen cells are
treated with only H2O2 at a pH 7.4 (about a 1.5-fold increase) and when
cells are treated with MgCl2 and H2O2 at a pH 7.75 (about a 1.2-fold

increase). Over time, at t = 7 days, only those cultured in chronic
alkaline pH or those treated with Mg ions in chronic alkaline pH
significantly increased HIF1α (about a 1.5-fold increase). For simplicity,
it seems that Mg ions do not up-regulate HIF1α at a pH of 7.4 at all times,
while H2O2 does not up-regulate HIF1α too well at alkaline pH at all
times, summarized in schematic illustrations above the graphs. Overall,
none of the experiments could increase HIF1α expressions like Mg par-
ticles, and HIF1α is one of the key genes responsible for enhanced pro-
liferation seen in t = 7 days.

Next, we did an in vivo investigation of large femur defects and im-
plantation of pure Mg rods to measure new bone formation and the
changes in HIF1α and β-catenin expressions to understand HIF1α and
β-catenin relationships in the WNT pathway. A large defect was made in
the rat femur (2 mm in size), and either a pure Mg rod was inserted or
left blank. The rats were sacrificed at different time points, 1, 2, 4, and 8

Fig. 10. MC3T3-E1 cell viability after Mg or Mg-Ti treatment of A) 250, B) 750, and C) 1500 μg/mL from t = 0–72 h. D) Hydrogen gas volume measured during
corrosion of 0.05 g of Mg or Mg-Ti in 5 mL pipette with funnel in a 30 mL complete media solution. MC3T3-E1 cell viability after treating cells with different
concentrations of Mg, Mg-Ti (0–1750 μg/mL), or NaOH that resulted in alkaline pH between 7 and 11 for E) t = 1 h and F) t = 1 day. G) MC3T3-E1 cell viability after
treating cells in different conditioned media groups before and after adjusting pH using HCl, and H) actual in vitro pH before and after adjustment.
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weeks, to see the changes in bone mineral density (BMD, g/cm3) and
bone volume/total volume (BV/TV, %). The region of interest was
chosen as a circle, including the areas of the Mg implant rod and about 3
mm around the implant. Based on the micro-CT analysis, there were no
significant changes in BMD between blank and pure Mg groups, indi-
cating that pure Mg itself did not increase the local bone mineral density
in rats that are otherwise healthy besides the large defect surgically
drilled for the purpose of the experiment (Fig. 9A). However, there were
significant changes in BV/TV, where initially in the first 2 weeks, the
blank group showed some formation of bone, which then started to
decrease over time at 4–8 weeks (Fig. 9B). Although the data is not
shown here, TRAP staining showed that the increase in TRAP activity
around this time probably increased osteoclast activity, initiating bone
resorption and reducing new bone formation (this data is to be published
elsewhere). On the other hand, pure Mg showed low BV/TV in the first 4
weeks as pure Mg was actively corroding, even killing nearby healthy
bone (creating a gap between the implant and surrounding tissues)

(Fig. 9B). However, as Mg degraded almost completely, new bones
began to form in the areas that used to be occupied by the Mg implant,
indicated by red circles (Fig. 9B). The average BV/TV was double that of
the blank group (about 5 % for blank groups; about 10 % for Mg groups)
at 8 weeks of implantation. Furthermore, immunohistochemistry (IHC)
staining of HIF1α showed that HIF1α expressions were higher for pure
Mg in the first 2 weeks, which were then significantly reduced at 4 and 8
weeks (Fig. 9C). Interestingly, IHC of β-catenin was also increased when
HIF1αwas increased in the first 2 weeks and down-regulated with HIF1α
at 4 and 8 weeks, showing a clear relationship between them.

We also briefly investigated the cytotoxic response of Mg and Mg-Ti
by measuring MC3T3-E1 viability over time for different particle con-
centrations to show that alkaline pH is not the dominating factor that
induces in vitro cytotoxicity. Cell viability was measured for different
particle concentrations of Mg and Mg-Ti over time, and the cell viability
was drastically different per concentration group. For instance, Mg and
Mg-Ti 250 μg/mL showed a significant decrease in cell viability that

Fig. 11. Schematic illustrations show major signaling pathways affected by Mg corrosion, confirmed with transcriptome sequencing, proteome analysis, and qPCR,
as well as supported by other references to encapsulate how reduction reactions affect the following pathways [101–105].
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reduced the overall cell population down to almost 5 %; however, these
remaining cells were able to proliferate and recover the cell viability
afterward (Fig. 10A). For higher concentrations of 750 μg/mL, cell
viability dropped down to 0 for Mg-Ti, while for Mg, about 75 % cells
were killed (Fig. 10B). More cells survived for the 750 μg/mL group than
250 μg/mL group, and yet, 25 % of the live cells couldn’t proliferate as if
they are under cell cycle arrest. At high concentrations of 1500 μg/mL,
Mg and Mg-Ti both exponentially killed cells over time, except Mg-Ti
killed slightly faster (Fig. 10C). The reason for the higher cytotoxicity
of Mg-Ti is due to the higher corrosion rate, which was proven by
measuring hydrogen gas directly proportional to the corrosion rate
(Fig. 10D). Mg-Ti produces about 3 times more hydrogen gas volume
than Mg. So, we can conclude that Mg-Ti corrodes about 3 times faster
than pure Mg. In order to understand if Mg-Ti is killing faster due to
higher alkaline pH, cell viability of Mg and Mg-Ti were compared with
those treated with different pH levels adjusted using NaOH. The data
shows that while high alkaline pH is also detrimental to cell viability,
alkaline pH kills slowly. At t = 1 h, Mg and Mg-Ti already killed cell
viability proportional to the particle concentrations; however, alkaline
pH did not have any effect, even for those treated at a pH of 11
(Fig. 10E). Only after t= 1 day, NaOH also began to kill cells, which was
also proportional to the degree of alkalinity (Fig. 10F). Based on these
data, we can make several assumptions. First, cell proliferation, cell
cycle arrest, and cytotoxicity dependent on particle concentrations were
similar to how ROS affected cells, according to Martin et al. [85]. Sec-
ond, alkaline pH alone cannot kill cells quickly and does not explain the
higher cytotoxicity of Mg-Ti since the pH of Mg and Mg-Ti did not show
any statistical difference [86]. Since we have already evidenced that
ROS levels increase during Mg corrosion, we can safely conclude that
cytotoxicity is due to high ROS production and accumulation. Finally,
the conditioned media significantly reduced the viability, although no
particles were actively corroding in the presence of Mg particles
(Fig. 10G). Adjusting the pH using HCl (Fig. 10H) did not increase the
cell viability, further supporting the idea that pH is not the sole cause of
cytotoxicity. SFig. 12 shows that the media is altered, changing the
opacity of the solution, further supported by FTIR and XRD analysis. It
seems that ROS aggregates the proteins and other biomolecules essential
for cell nutrients and growth, resulting in a decrease in viability rather
than solely due to the changes in the pH. However, further investigations
of protein analysis are required.

4. Discussion

This study provides a fundamental basis and some novel insights into
the importance of reduction reactions. First, Mg corrosion is not just
about metal oxidation, and we cannot assume that Mg alloys are
biocompatible solely because Mg ions are essential trace elements.
While Mg alloys may be designed to increase corrosion resistance, Mg
alloys still degrade at some rate, so we need to study how the reduction
reactions at different rates affect the local microenvironment and nearby
cells. Also, we need to consider how these by-products simultaneously
regulate cells, which may be different than how they affect cells inde-
pendently. For example, Mg ions may affect cells differently at alkaline
or acidic pH compared to physiological pH, as well as under hypoxic or
high oxidative stress conditions. For all our in vitro studies, we directly
cultured Mg particles with cells in a concentration-dependent manner to
study a range that would not induce too much cytotoxicity and observe
other biological events that occur at low-moderate particle concentra-
tions (i.e., low-moderate corrosion rates). We did not use the pre-
conditioned media method suggested by ISO 10993:5 because this
eliminates the direct interactions between biomaterials and cells and the
exposure of cells to intermediate species produced during Mg corrosion,
like ROS.

There are some important points that need to be emphasized based
on this study. Mg reduced total intracellular ROS in normal, non-
oxidative conditions, which enhanced cell proliferation. PI3K/Akt/

mTOR pathway was enriched for the Mg groups at all times, involved in
regulating cell proliferation and differentiation, and HIF1α is a down-
stream gene that is activated by this pathway [87]. HIF1α is also known
to protect cells from ROS-induced apoptosis by translocating into the
mitochondria in response to oxidative stress, and one mechanism is by
increasing mitophagy via HIF1α/BNIP-3 axis [88,89]. We found that Mg
significantly down-regulates HIF1α early during active corrosion,
resulting in the down-regulation of BNIP-3 by − 1.5-fold. In addition,
oxidative phosphorylation was also down-regulated at early time points
by decreasing the expressions of genes/proteins that make up the
components of complexes I-IV, and by doing so, reducing oxidative
phosphorylation. This may explain why we saw a slight decrease in
mitochondrial ROS at t= 6 h. Furthermore, AMBRA1 that also regulates
mitophagy was up-regulated by 0.5-fold change, which is known to
negatively regulate ALDH1B1, a member of aldehyde dehydrogenase
(ALDH) family of NAD(P)+-dependent enzymes, and ALDH1B1 has been
found to directly mediate HIF1α and β-catenin [90]. Overexpression of
AMBRA1 causes the down-regulation of ALDH1B1 and subsequent
down-regulation of WNT/β-catenin, PI3K/Akt, and TGF-β pathways
[90]. PI3K/Akt is also involved in positively regulating HIF1α via
mTOR, and HIF1α regulates glucose metabolism by switching from
oxidative phosphorylation to glycolysis [87]. In addition, there is a close
relationship and interactions between HIF1α and β-catenin. First,
β-catenin accumulation is known to activate PI3K/Akt, which then
positively regulates HIF1α to enhance cell survival and proliferation
[91]. However, HIF1α stabilized in hypoxia or oxidative stress can also
inactivate β-catenin, causing a cell growth arrest [92]. This biphasic
effect seems to depend on the ROS levels, not Mg ions.

In vivo studies further support the close relationship between HIF1α
and β-catenin, regulated during Mg corrosion. In vivo studies showed
that HIF1α and β-catenin were up-regulated in the first 2 weeks and then
reduced at 4 and 8 weeks, indicating that they are critical upstream
genes that need to be activated for osteogenesis and new bone forma-
tion. So, in this study, we show that Mg activation of PI3K/Akt/mTOR
and downstream gene HIF1α due to changes in ROS also contributes to
the promotion of canonical WNT/β-catenin pathway, critical for osteo-
genesis, in addition to the conventional concept that Mg ions are pri-
marily responsible for bone formation. Furthermore, we show that
cytotoxicity due to galvanic coupling of Mg and Ti is not due to alkaline
pH since Mg and Mg-Ti kill cells within 1 h, as opposed to slow killing of
alkaline pH only after 1 day. The killing is proportional to concentra-
tions, where the intermediate range induces cycle arrest and high dosage
induces cell death, and this pattern is the same when cells are treated
with different concentrations of ROS [93]. So, Mg alloys can kill un-
wanted cells quickly independent from alkaline pH, typically considered
a major contributor to Mg cytotoxicity. Since ROS has a proximal effect,
Mg-Ti can be a promising therapeutic agent that can kill local tumors
and bacterial infections without causing adverse effects on healthy tis-
sues. Hydrogen gas is also produced as a by-product of reduction re-
actions, which was neglected for having an effect on in vitro cytotoxicity
because hydrogen gas is insoluble in water. Hydrogen gas does not
readily dissolve in most solutions, including cell culture media, but
floats on top of the solution as bubbles and even dissipates into the at-
mosphere, having a minimal effect. So, in vitro cytotoxicity of Mg in our
study was primarily due to ROS and alkaline pH. However, in vitro and in
vivo cytotoxicity is different, where hydrogen gas has more significance
in vivo, as quick and large accumulations of hydrogen gas pockets have
been found to cause tissue necrosis if not adequately punctured [94,95],
and hydrogen gas when produced at a proper rate is an antioxidant and
scavenge ROS [96]. Therefore, for future studies, it will be interesting to
study more closely how the ROS and hydrogen gas produced from the
Mg surface during degradation simultaneously affect the microenvi-
ronment and cells temporally and spatially. Based on this study, we
should carefully consider the reduction reactions affecting biology when
designing metal-based biomaterials, especially in pathological condi-
tions with highly skewed microenvironments regarding environmental
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pH, oxidative stress, hypoxia, and inflammation. We need to understand
that Mg alloys have double-edged effects that can either yield beneficial
effects to resolve inflammation and promote tissue regeneration but can
also cause harmful effects that can kill cells, and the corrosion behavior
depends not only on the material itself but also on the surrounding
microenvironment and cells. In addition, the biological-biochemical
effects ROS have on cells and microenvironments vary across different
cell types and conditions. Not all cells respond the same to ROS, where
certain cells have higher resistance and plasticity against oxidative
stress, such as cancer cells [97] and macrophages [98]. The relationship
between ROS and macrophages was determined by exposing macro-
phages to increasing amounts of hydrogen peroxide for over a month up
to a sub-lethal amount and found that macrophages became resistant to
chronic exposure to oxidative stress and adapted to high ROS environ-
ment by increasing the catalase expression by over 30-fold [98]. On the
other hand, T cells under the same experimental condition could not
adapt to the increasing dosage of ROS; however, when T cells were
cultured in the conditioned media of “adapted”macrophages (i.e., those
that survived the high ROS), T cells also survived better at high ROS
levels, indicating that some macrophage-secreted cytokines or chemo-
kines protected T cells from oxidative stress [98]. Macrophages have
self-protection against oxidative stress via Mst1/2, which regulates the
antioxidant transcription of Nrf2 [99]. Also, ROS levels are highly
skewed in aging due to the contributions of multiple hallmarks of aging,
such as mitochondrial dysfunction, chronic inflammation, and so forth
[100]. Therefore, we should recognize the importance of reduction re-
actions and how they contribute to and alter the microenvironment and
regulate cell functions in aging and diseases. In summary, we show that
reduction reactions significantly affect cell behaviors depending on the
corrosion rate. Fig. 11 shows an overall summary of the key pathways
affected by Mg corrosion.

5. Conclusion and future perspectives

In conclusion, reduction reactions are perhaps more critical since
they induce different biological responses depending on their rate and
duration, from cell proliferation/survival to cell growth arrest and
death. Mg alloys hold great promise in targeted therapy as reduction
reactions that produce ROS can be used to locally target and kill cancers
and unwanted cells while minimizing damage to healthy tissues.
Furthermore, we found that reduction reactions equally contribute to
cell survival/proliferation and osteogenesis due to alkaline pH and ROS
produced as by-products. ROS is closely associated with HIF1α, and Mg
corrosion has been found to regulate the PI3K/Akt/mTOR pathway and
other pathways that modulate mitochondrial functions like mitophagy
and oxidative phosphorylation. While this study was generally broad,
further research is desired to understand how metal corrosion can
control and regulate certain biological processes found here. In addition,
an in-depth investigation of hydrogen gas is desired, especially when
they are produced together with ROS during Mg corrosion. While we
studied Mg alloys, all metals that corrode accompany reduction re-
actions, so our concept can be expanded and adapted to other metals. In
the future, we should study promising Mg alloys in diseased and aged
microenvironments and how reduction reactions can be used for tar-
geted therapy.
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