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ARTICLE INFO ABSTRACT
Keywords: Metallic molybdenum (Mo) has been increasingly recognized as a potential biodegradable metal for biomedical
Molybdenum implants. However, the macrophage-mediated inflammatory responses to Mo-based implants remain underex-
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plored. This study examined the in vitro inflammatory reactions of macrophages to the degradation products of
biodegradable Mo implants. The short-term and long-term biodegradation behavior and the subsequent impact
on cytotoxicity, metabolism, and macrophage polarization were assessed. Both Mo and its degradation products
were shown to be non-toxic within macrophage tolerance limits. Nevertheless, morphological changes and pro-
inflammatory polarization were observed in cells around Mo-based specimen. Notably, matrix metalloproteinase
9 (Mmp9) was identified as a key gene influencing macrophage polarization in proximity to Mo. Additionally,
pre-treating the Mo specimens in culture medium for 24 h significantly mitigated its stimulatory effects on cells.
These results demonstrated the significance of optimizing Mo pre-treatment methods to prevent localized
inflammation associated with its degradation. Specifically, pre-treatment of Mo can effectively mitigate the
adverse impacts of its early degradation on macrophages and the surrounding immune environment. Our
research into these early degradation phases introduces new avenues for studying molybdenum’s immuno-
modulatory properties, potentially through precise control of its release and the targeted expression of pivotal

genes.
1. Introduction mechanical properties, osteoinduction capacity, and antimicrobial
properties, making them promising materials for biomedical implants

Biodegradable metals (BMs) are characterized by their unique ability [1,2]. The mechanical properties of biodegradable metals have been

to degrade within biological environments, combined with excellent considered as a critical parameter that defines their applications [1,3].
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The BMs, including magnesium (Mg) and zinc (Zn) with their acceptable
mechanical properties [4,5], are primarily used as fabrication in osteo-
synthesis implants for stabilizing fractures, especially in
cranio-maxillofacial regions [6-8]. Additionally, the degradation prod-
ucts can be absorbed within the body to avoid the additional surgery for
the removal of implants [9,10]. To date, molybdenum (Mo) is consid-
ered as a potential biodegradable metal with the advantages of high
mechanical properties (i.e., Yield Strength >350 MPa after 6 months of
degradation.), beyond the counterparts of Zn and Mg [11-13]. Contin-
uous advances in biomedical engineering and materials science have
further shown that Mo holds great promise for the development of new
medical devices and therapeutic solutions such as oral maxillofacial
implants, cardiovascular stents and bio-battery [14,15]. Notably, Mo
compounds have been shown to promote cell growth and have antimi-
crobial effects [16]. However, research of the application of Mo as BM
implants is still in its infancy and it remains unclear whether Mo leads to
adverse reactions in the human body, especially regarding
macrophage-related inflammatory responses.

Macrophage is a key immune cell regulating host-material in-
teractions [17]. Specifically, macrophage can undergo a phenotypic
transition from the MO (resting) state to the pro-inflammatory M1
(activated) state upon contact with implants, leading to the upregulation
and translation of inflammation-associated genes into cytokines that
provoke a widespread inflammatory response in surrounding cells [18,
19]. Previous studies demonstrated that biodegradable Zn alloys and Mg
alloys can promote osseointegration through modulating macrophage
phenotypes [20-22]. In turn, adverse effects of degradation products
mostly cause an inflammatory response in the implanted area leading to
edema, tissue damage, and implant loosening [23], and the biological
response is linked to the degradation products at the implant site [24].
BM devices degrade progressively at their interface with body fluids,
releasing corrosion products that elicit a host response. For example,
Mg-based BMs release a suitable concentration of Mg ion during
degradation and form an alkaline microenvironment that promotes the
polarization of macrophages toward an anti-inflammatory phenotype
[25]. The acceptable biocompatibility of Mo-based biomaterials has
been observed [26-28]. Additionally, the released Mo ion can induce
bone regeneration, making it a promising material for bone applications
[13]. Nevertheless, recent in vivo studies reported that the local in-
flammatory reaction can be found surrounding the pure Mo-based im-
plants, indicating that the released Mo ion might adversely affect the
immune cells [29-31]. The interaction between Mo ion and immune
cells remains inadequately studied. To the best of our knowledge, the
influence of the degradation products of Mo-based BMs on macrophage
polarization and the underlying mechanisms remain unknown [32-34].

Developing alternative bioresorbable materials are crucial for im-
plants that guide bone tissue regeneration, as these materials must
exhibit controlled corrosion behavior and produce biocompatible
degradation products. Based on our prior research, Mo exhibits superior
long-term corrosion resistance compared to Mg, Zn, and iron (Fe) [35].
Currently, data on the degradation behavior of Mo-based metals remain
limited. The electrochemical corrosion rate of Mo in distilled water and
NaCl solution ranges from 1.63 to 8.76 pm year !, while in Hank’s
balanced salt solution, the corrosion rate is 6.13 pm year’1 [36,37]. In
phosphate-buffered saline, which simulates serum components, the
corrosion rate ranges from 16 to 23 pm year !, whereas in simulated
inflammatory environments, the degradation rate of Mo can reach as
high as 135-265 pm year‘1 [38]. A stable and uniform corrosion
morphology is crucial for preventing early implant failure due to frac-
ture [13]. However, the compatibility of soluble or insoluble
by-products (MoO3~, MoO, and MoOs) related to the degradation of Mo
metal with immune cells remains unclear.

This study investigates the in vitro degradation behavior and cyto-
compatibility of biodegradable a Mo-based biodegradable metal in an
immune environment, specifically examining its effects on macrophage
polarization and biological function. The surface morphology and
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elemental composition of Mo were characterized over a 14-day degra-
dation period using electrochemical testing. Both direct and indirect
exposure of Mo influenced the cytocompatibility, inflammation
response, and M1/M2 polarization in macrophages. The potential
mechanisms underlying the shift in macrophage polarization induced by
degradable Mo were analyzed through RNA sequencing, with confir-
matory results obtained via RT-qPCR. Thus, this study focused on i)
assesse the degradation behavior and composition of degradation
products of Mo, ii) evaluate the effects of Mo extracts and direct contact
of Mo on macrophage viability and morphology, and. iii) observe the
impact of raw Mo and pre-treated Mo on the polarization and underlying
cellular mechanisms of surrounding macrophages.

2. Materials and methods
2.1. Specimen preparation

Pure molybdenum (wt. 99.9 %), fabricated as described previously
[391, was used in this study. The titanium alloy (Ti-6Al-4V) was set as
the negative control. Ti and Mo were cut into sheets 10-mm in width,
10-mm in length, and 2-mm thick for testing. Ti and Mo were gradually
polished using sandpapers of 180, 400, and 1200 grit. After polishing,
the metals were immersed in 75 % ethanol and washed by ultrasonic
agitation for 30 min, removed and rinsed with sterile deionized water to
eliminate any residual ethanol from the surface. Before proceeding with
subsequent experiments, the specimens were exposed to ultraviolet light
for 30 min on each side to ensure surface sterility. The untreated pure
Mo was named raw Mo (termed to R-Mo). The pre-treated pure Mo
(P-Mo) was subjected to mimetic physiological degradation by
pre-treatment with cell culture medium for 24 h, as previously reported
[40-42].

2.2. Invitro corrosion behavior

The in vitro corrosion behavior of pure Mo was investigated by
transient electrochemical measurement and immersion test. Briefly,
potentiodynamic polarization (PDP) curves and electrochemical
impedance spectra (EIS) were obtained at 37 °C utilizing an electro-
chemical workstation (IM6, Zahner, Germany) in Dulbecco’s Modified
Eagle Medium (DMEM; Thermo Scientific, CA, USA)/Ham’s F-12
Nutrient Mixture (F-12; Thermo Scientific, CA, USA) cell culture me-
dium. A three-electrode cell system, including the working electrode
(research samples, exposed area ca. 0.79 cm?), reference electrode
(saturated calomel electrode, SCE), and counter electrode (platinum,
1.5 x 1.5 cm), was selected to conduct the electrochemical test. The
back sides of the test samples were connected with copper wire and
sealed with silicone rubber. After 15 min of stabilizing in the DMEM/F-
12 medium, the PDP curves of Mo were recorded with a potential range
of —1.0to 0.2 V at a scanning rate of 1 mV/s. The self-corrosion potential
(Ecorr) and self-corrosion current density (icorr) Were obtained from the
PDP curves by a Tafel linear extrapolation method [43]. The corrosion
rate (CR) was determined using the following equation:

CR=3.27 x 10'3icorrﬂ

Here, EW is the equivalent weight, calculated based on the relative
atomic mass of Mo (95.95 g/mol) and its common valence state (6); p is
the material density of Mo (10.28 g/cm?). Thus, CR is simplified to CR =
5.0%icorr

Electrochemical impedance spectra of Mo were obtained from 200
kHz to 0.01 Hz with four points per frequency decade and were then
fitted by a ZSimpWin (version 3.60, EChem Software, Michigan, MI,
USA).

For the immersion test, the back side of Mo was sealed with epoxy
resin to only expose the test area with 0.79 cm? The sealed Mo was



D. Liu et al.

immersed in 15 mL of DMEM/F-12 cell culture medium for 14 days at
37 °C, the ratio of the volume of immersion solution to area of the test
sample is 20 mL/cm? according to the standard of ASTM-G31 [44]. Mo
was taken out after 3, 7, and 14 days of immersion for electrochemical
testing by using the same parameters described above. The surface
corrosion morphology of Mo was observed using an optical microscope
and a scanning electron microscope (SEM; JSM-7041F, JEOL, Tokyo,
Japan). The surface elemental distribution of the corrosion products
after 14 days of immersion was determined by utilizing coupled energy
dispersive spectroscopy. The phase structure of the corrosion products
was measured by X-ray diffraction (XRD; X’pert PRO, PANalytical,
Almelo, Netherlands) at a scanning rate at 8 °/min. The bonding state
and chemical composition of the surface corrosion products were tested
by X-ray photoelectron spectroscopy (XPS; XSAM800, Kratos Ltd., UK)
under a vacuum of 2 x 107 Pa. High-resolution C 1s, Ca 2p, Mo 3d, N 1s,
O 1s, and P 2p spectra were fitted by a software of XPS peak 4.1 under a
standard reference binding energy of C 1s (284.8 eV). The subsurface
corrosion morphology of Mo after 14 days of immersion was imaged by
the SEM after removing the surface corrosion morphology according to
the standard of ASTM G1-03(2017) el [45]. Briefly, the samples were
rinsed with deionized water, dried, and then immersed in a chemical
cleaning solution consisting of 200 g/L chromium trioxide (CrOs, purity
> 99 %, Chengdu Kelong Chemical Co., Ltd., Chengdu, China) at 80 °C
for 1 min.

2.3. Cytotoxicity test

Mouse macrophage cells (RAW 264.7 cells, Procell Life Science and
Technology Co., Ltd., Wuhan, China) were cultured in DMEM supple-
mented with 1 % penicillin/streptomycin (Gibco, Thermo Fisher Sci-
entific, CA, USA) and 10 % fetal bovine serum (FBS; Gibco, Thermo
Fisher Scientific, CA, USA) in a 5 % CO, humidified atmosphere at 37 °C.

2.3.1. Cytotoxicity test of extracts test with molybdenum

According to ISO 10993-12:2021 [40] and ISO 10993-5:2009 [46],
samples were immersed in cell culture medium to obtain extracts, with a
sample surface-area-to-volume ratio set at 3 mL/cm?. After 72 h, Mo
extracts were collected and diluted to different concentrations (100 %,
50 %, 25 %, and 10 %). Ti and copper (Cu) were used as the negative and
positive control groups, respectively. Subsequently, RAW 264.7 cells
were seeded in 12-well plates at a density of 3 x 10* cells/cm? for 24 h.
The medium was then replaced with extracts and cultured for 24 h. To
qualitatively assess the cytotoxicity of the extracts, the macrophages
were stained by live/dead cell fluorescent staining kit (Elabscience,
Wuhan, China), observed under a fluorescence microscope (Olympus,
Tokyo, Japan) to assess cell morphology and proliferation.

To quantitatively analyze the cytotoxicity of the extracts, relative
cellular metabolic activity and relative lactate dehydrogenase (LDH)
release were measured using the CCK-8 assay kit (Dojindo, Kumamoto,
Japan) and LDH release assay kit (Beyotime, Jiangsu, China), respec-
tively. Specifically, RAW 264.7 cells (3 x 10* cells/cm?) were seeded
into 96-well plates (Corning, NY, USA) under cell culture conditions for
24 h and then the medium was removed. RAW 264.7 cells were incu-
bated in Mo extracts with different diluted concentrations for 24 h. At
the appointed times, cell culture medium containing 10 pL of CCK-8
reagent was added to each well and cultured in an incubator for 2 h.
Absorbance was measured at 450 nm using a microplate reader (BioTek
Instruments, Winooski, VT, USA). The relative metabolic activity was
analyzed using the formula as previously reported [47]. For the LDH
release assay, after preparing the working reagent, the assay was per-
formed according to the manufacturer’s instructions. The relative
metabolic activity and LDH release were analyzed using the formula as
previously reported [48,49].

2.3.2. Cytotoxicity of direct contact test with molybdenum
The cytotoxic effect of raw and pre-treated Mo after sterilization was
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evaluated by direct contact test. In brief, the specimens were placed into
a 24-well plate and seeded onto the sample surface by adding 2 mL of
cell suspension at a density of 3 x 10* cells/cm?. After 24 h of incuba-
tion, the samples were removed and gently rinsed with phosphate-
buffered saline (PBS). The cells were scraped off using a cell scraper,
then resuspended and transferred to a 96-well plate. The CCK-8 reagents
were added to the test wells, and the absorbance was measured as
mentioned above. Additionally, the morphology and proliferation of
macrophages on the sample surface were assessed using a live/dead cell
fluorescent staining kit, followed by observation under an orthogonal
fluorescence microscope.

2.4. Macrophage polarization phenotype

2.4.1. Bright-field imaging and calcium staining of macrophages

Based on the experimental procedures described in Section 2.3.2,
bright-field imaging and calcium staining of macrophages surrounding
the metal were performed. After 24 h of incubation, cells were stained
using 2 pM Calcein-AM (Elabscience, Houston, TX, USA) for 20 min.
Cells were then observed with an orthogonal fluorescence microscope
(Optiphot-2, Nikon, Tokyo, Japan). The polarization morphology of
macrophages was qualitatively assessed using ImageJ software (Version
1.53, National Institutes of Health, Bethesda, MD, USA). After calibrat-
ing the measurements with a scale bar, the length, width, and perimeter
were measured. The cell circularity was calculated based on previous
formula [50].

2.4.2. Flow cytometry, ICP-MS, and ELISA

To quantitatively assess the effect of Mo on macrophage polarization,
RAW 264.7 cells were co-cultured with the Mo samples with and
without pre-treatment (P-Mo and R-Mo, respectively). The cells co-
cultured with Ti-based alloys were set as a negative control. Specif-
ically, RAW 264.7 cells were seeded in 12-well plates containing the
specimens at a density of 3 x 10* cells/cm? and allowed to adhere
overnight. The cells were treated with 50 ng/mL lipopolysaccharide
(LPS, Sigma-Aldrich, St. Louis, MO, USA) for 24 h and set as the M1
polarization group. For M2 polarization, RAW 264.7 cells were treated
with 20 ng/mL recombinant murine interleukin 4 (IL-4, Peprotech,
Rocky Hill, NJ, USA) for 24 h in cell culture conditions.

At the time points of the experiment, RAW 264.7 cells surrounding
the specimens were collected for subsequent flow cytometry analysis. In
brief, cells around the samples were gently scraped and washed twice
with cold PBS, then resuspended in 50 pL of PBS. RAW 264.7 cells were
stained with 5 pL of M1 marker (APC anti-mouse CCR7 antibody; Bio-
Legend, San Diego, CA, USA) and 1.25 pL of M2 marker (PE anti-mouse
CD206 antibody; BioLegend) fluorophore-conjugated antibodies for 30
min at 4 °C in the dark. Stained cells were analyzed on a flow cytometry
instrument (DXFLEX, Beckman Coulter, CA, USA). A minimum of 10,000
events were collected per sample. Flow cytometry data were analyzed
using FlowJo software (Tree Star, Ashland, OR, USA). Compensation
was performed using single-stained controls, and gating strategies were
established using appropriate isotype controls. M1 polarization was
assessed by the expression of CCR7, whereas M2 polarization was
assessed by the expression of CD206.

The concentration of Mo ions in the cell supernatant and suspension
were assessed using inductively coupled plasma mass spectrometry
(ICP-MS, Shimadzu, Kyoto, Japan) and IL-6 concentrations in the cell
supernatant were tested by ELISA assay kit (Elabscience, Wuhan,
China). The content of Mo in the cell suspension represents its intra-
cellular concentration.

2.4.3. RNA isolation and RT-qPCR

To assay M1-related and M2-related RNA expression, cellular RNA
was isolated using a kit according to the manufacturer’s instructions
(Beyotime, Shanghai, China). RNA quality/concentration was quanti-
fied using a Nanodrop spectrophotometer (Thermo Scientific) and/or an
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Agilent bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Samples were stored at —-80 °C prior to analysis. cDNA was generated
from 500 ng of RNA per sample using oligo (dT) 12-18 primers and
Superscript III (Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instructions. cDNA was analyzed on an Applied Bio-
systems 7900 RT-qPCR instrument using 0.5 pM of the gene of interest.
The primer sequences for the SybrGreen primer set are shown in
Table S1. The expression of target genes was normalized using GAPDH
as a loading control. Real-time PCR data were analyzed using the
comparative Ct (AACT) method (ABI sets) or the standard curve method
(mFpr2).

2.4.4. mRNA sequencing and bioinformatics analysis

Following the experimental steps in Section 2.3.2, cells within a 2-
mm range around the metals were collected for bulk RNA-seq. The
‘limma’ package in R software was utilized to identify differentially
expressed genes (DEGs) in the RNA-seq dataset [51]. This resulted in the
identification of all genes with a fold-change > 2 as DEGs. The volcano
plot was produced using the ‘ggplot2’ package [52]. To study the role of
DEGs, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) enrichment analyses were conducted using the DAVID
database. A statistically significant cut-off points of p < 0.05 was applied
to determine significant enrichment.

Protein-protein interaction (PPI) network construction and module
analysis were performed using the STRING database (v11.5, https://stri
ng-db.org), an online tool that retrieves interacting genes and proteins
and builds interaction networks [53,54]. Genes with a total score of >
0.4 were selected for network construction. The resulting networks were
visualized using Cytoscape software (v3.8.2, https://cytoscape.org)
[551.

2.4.5. Inhibitor and immunofluorescence staining

The matrix metalloproteinase 9 (MMP9) inhibitor Ilomastat (HY-
15768; Medchemexpress, Shanghai, China) was used to treat RAW
264.7 cells to inhibit MMP9 activity. The application of Ilomastat was
performed as previously described [56-58]. Briefly, RAW 264.7 cells
were seeded on glass coverslips in a 6-well plate at a density of 2 x 10°
cells/mL and allowed to adhere overnight. Cells were then treated with
20 pM Ilomastat for 24h, followed by raw Mo. Cells were fixed with 4 %
paraformaldehyde in PBS for 10 min at room temperature, and then
washed with 0.1 % Triton X-100 three times. Cells were incubated with
anti-actin (Beyotime, Cat# C1036, Shanghai, China) diluted in 1 % BSA
in PBS at room temperature for 40 min, 4,6-diamidino-2-phenylindole
(DAPI]) for 5 min, and then washed three times with PBS. Coverslips
were mounted on glass slides. RAW 264.7 cells were stained with DAPI
(blue) to visualize the nuclei and with a phalloidin-conjugated fluo-
rophore (red) to stain the cytoskeleton. Images were captured using a
fluorescence microscope equipped with appropriate filters at 40 x
magnification. Analysis of fluorescence was performed using ImageJ
software.

2.5. Statistical analysis

All numerical data were given as mean and standard deviation (SD).
Prior to statistical analysis, the normality was assessed by a Shapiro-
Wilk test. Where applicable, the parametric data sets were evaluated
by one-way analysis of variance (ANOVA) with Tukey’s multiple com-
parisons test, non-parametric datasets were evaluated by the Kruskal-
Wallis test with Dunn’s multiple comparisons test. All statistical ana-
lyses were performed by GraphPad PRISM software vision 9 (GraphPad
Software, Inc., San Diego, USA). Statistical significance was defined as a
p-value less than 0.05.
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3. Results
3.1. Electrochemical analysis of molybdenum

The in vitro corrosion behavior of pure Mo in DMEM/F-12 medium
was assessed (Fig. 1). The E.o value of Mo shifted to more negative
direction with the prolonged immersion time (Fig. la). In the high
anodic overpotential region, transient current peaks were observed,
likely related to the dynamic formation and degradation of the surface
oxide layer, a phenomenon also reported in previous studies [35]. The
corrosion rate of Mo, determined by the i, value, was 4.68 + 0.25
pm/year after 14 days of immersion. The Nyquist impedance spectrum
of Mo consisted of two capacitive loops; the impedance value decreased
with increasing of immersion time (Fig. 1b). Bode-impedance (Fig. 1c)
exhibited a similar trend to the Nyquist spectra. To further analyze the
EIS spectrum, the equivalent circuit (EEC) diagram of Rg
(Qp(Rp(Qai(Rc))). Where R stands for the resistance of Hank’s solution.
Qp and R;, denote the capacitance and resistance of the surface oxide
layer, while Qq and R are related to the double layer capacitance and
the resistance associated with the interfacial charge transfer reaction.
The fitting data was shown in Table S2 (Supplementary Materials), Mo
illustrated lower Rp and Rct values after immersion, which may be
related to the dynamic evolution of its surface corrosion products. This
will be discussed in detail later.

Optical images showed that the surface color of Mo was significantly
changed following immersion (Fig. 1d). Specifically, the color changed
from gray (3 days) to dark yellow (7 days), and ultimately to black (14
days). Additionally, randomly distributed granular corrosion products
were observed by SEM, and shown by energy dispersive spectroscopy to
be composed of Mo, P, O, Ca, and C (Fig. 1d). XRD patterns of Mo before
and after immersion (Fig. 1e) showed the characteristic peaks of Mo and
MoO; on all samples. Note the MoO; peak in pure Mo was ascribed to the
corrosion layer formed in air. The characteristic peak of MoO3-2(H20)
appeared in the samples after 14 days of immersion. XPS after 3, 7, and
14 days of immersion (Fig. 1f) indicated the presence of O 1s, N 1s, C 1s,
Mo 3d, and P 2p in all samples. High-resolution XPS of C 1s showed the
peaks of C-C, C-O, and C-N/C=N (Fig. 1g), whereas Ca 2p spectra
detected Ca®* not until after 7 and 14 days of immersion (Fig. 1h). From
the Mo 3d spectra, Mo, Mo*", and Mo®* were detected (Fig. 1i). In the N
1s curve (Fig. 1j), the N=C and N-C were observed. From the O 1s spectra
(Fig. 1k), the O-Mo, -OH, and H20 were detected; O-Mo might be
associated with the coordination reaction between organic molecules in
DMEM/F-12 and Mo ions. PO}~ ions were also detected from the P 2p
spectra (Fig. 11). The subsurface morphology of Mo after removing
corrosion products showed no significant localized or pitting corrosion
from the optical images but some pits appeared in the SEM images
(Fig. S1); this was attributed either to the possible slight localized pitting
corrosion of Mo or to the pitting casting a defect caused by the sintering
process.

3.2. Extract test and direct contact test

To assess the cytotoxicity of Mo in vitro, extract test and direct con-
tact experiments were performed (Fig. 2a). The representative fluores-
cence staining images of live/dead cells cultured in extracts were
showed a large amount of green fluorescence (live cells) in the negative
control, with almost no red fluorescence (dead cells), whereas all con-
centrations of Mo extracts demonstrated acceptable cell cytocompati-
bility (Fig. 2b). The macrophages exhibited a round shape and grew in
clusters. According to ISO 10993-5: 2009 [46], the inhibition of mean
cell metabolic activities was above 30 % (< 70 % of control), indicating
cytotoxic effects. CCK-8 results showed that the relative cell metabolic
activity for all concentrations of Mo extracts was > 70 % of the control,
indicating no cytotoxic effects (Fig. 2c). Cell supernatants were used in
LDH assays to test the amount of LDH released by cells into the extra-
cellular space to assess cell membrane damage. Cell membrane damage
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Fig. 1. In vitro corrosion behavior of pure molybdenum before and after 3, 7, and 14 days of immersion in DMEM/F-12 medium at 37 °C. (a) Potentiodynamic
polarization (PDP) curves. (b) Nyquist plots embedded with equivalent circuit diagram. (c) Bode-impedance and Bode-phase angle spectra. (d) Representative optical
and SEM images of Mo after immersion. (e) X-ray diffraction (XRD) patterns. (f) X-ray photoelectron spectroscopy (XPS) survey. (g)-(1) High-resolution XPS spectra of
C 1s, Ca 2p, Mo 3d, N 1s, O 1s, and P 2p, respectively.
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Fig. 2. In vitro cytocompatibility results. (a) Schematic diagram illustrating extract test (created by biobender.com). (b) Representative fluorescence images (scale
bar = 100 pm, magnification 200 x ) of RAW 264.7 cells stained with live—dead staining after 24-h of exposure to Mo extracts. (c) CCK-8 assay to determine relative
metabolic activity. The red dashed line represents the cut-off between toxic and non-toxic results (70 % of the negative control). (d) The LDH assay determines the
amount of LDH released by the cells into the cell supernatant. The red dashed line represents the cut-off between toxic and non-toxic results (30 % of the positive
control). (e) Schematic diagram illustrating direct contact experiments (created by biobender.com). (f) Representative fluorescent image of RAW 264.7 cells after
exposure to Mo for 24 h and staining of the metal by live-dead staining (Scale bar = 100 pm, magnification 200 x ). (g) LDH assay to determine relative metabolic
activity. The red dashed line represents the cut-off between toxic and non-toxic results. The N.C. and P.C. represent negative control and positive control, respec-
tively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

was not affected by changes in the mass volume fraction of the leachate
dilution compared to the positive control (Fig. 2d), in agreement with
CCK-8 results. Furthermore, no significant differences in cell metabolic
activities and LDH release were observed between different tested
groups (p > 0.05), determined by the Kruskal-Wallis test with Dunn’s
multiple comparisons test.

In addition, the cytotoxicity of Mo was assessed by direct contact of
macrophages with the metals (Fig. 2e). Representative fluorescence
images of macrophages directly adhered to the sample surfaces indi-
cated dead cells on the Cu surface, indicating compromised membrane
integrity in apoptotic RAW 264.7 cells (Fig. 2f). In contrast, RAW 264.7
cells adhered to the R-Mo and P-Mo groups displayed green fluores-
cence, indicating cell membrane integrity. These results were compa-
rable to those observed in the negative control. Notably, RAW 264.7
cells adhered on the R-Mo surface showed more cellular pseudopods

compare to negative control. To further quantitatively analyze the
metabolic activity of macrophages exposed to the sample surfaces, the
cell relative cellular metabolic activity of both P-Mo and R-Mo groups
was shown to be within the ISO 10993-5: 2009 standard (> 70 % of
control), while the positive control group (Cu group) showed a signifi-
cant decrease in cell relative metabolic activity (Fig. 2g). In summary,
both the extract test and the direct contact test showed that pure Mo had
no adverse effects on cell viability.

3.3. Effect of molybdenum on macrophage morphology and polarization

Bright-field micrographs and FITC-channel calcium staining images
of macrophages surrounding the samples were obtained after co-
culturing RAW 264.7 cells with the specimens for 24 h (Fig. 3a). In
the R-Mo group, some cells exhibited spindle-shaped, elongated
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Fig. 3. Effect of molybdenum on the morphology of RAW 264.7 cells. (a) Representative Bright-field photomicrographs and FITC channel calcium-stained fluo-
rescence microscopic images of peripheral RAW 264.7 cells cultured on Ti, R-Mo, and P-Mo (magnification 100 x , scale bar = 100 pm). Black and yellow arrows
indicate significant morphological changes in macrophages observed under microscopy. (b) Schematic diagram of macrophage measurement in the experiment. (c—f)

Statistical graphs of macrophage length, perimeter, area, and aspect ratio analyzed using one-way ANONA. *p < 0.05, **p < 0.01,

*p < 0.001. (For interpretation

of the references to color in this figure legend, the reader is referred to the Web version of this article.)

morphology with extended edges, contrasting with the regular shape in
the Ti group, suggesting possible cytoskeletal rearrangements. However,
calcium distribution remained consistent among three groups, indi-
cating that cellular activity was not significantly affected. A schematic
representation of macrophage morphology measurements is shown in
Fig. 3b. Cell length, perimeter, area, and aspect ratio were assessed for
each experimental group (cell width results are available in Fig. S2).
RAW 264.7 cells in the R-Mo group showed increased length, aspect
ratio, perimeter, and area surrounding the samples compared to cells in
the Ti and P-Mo groups, which exhibited a more elongated shape
(Fig. 3c-f).

Macrophage polarization and its cellular morphology have an indi-
cated relationship. Therefore, macrophage polarization surface markers
CCR7 (M1 surface marker) and CD206 (M2 surface marker) were
assessed using flow cytometry (Fig. 4a). The P1 gate was used to identify
single cells and the P2 gate was used to further identify live cells. The
percentage of positive cells was analyzed using quadrant gates. The
percentage of macrophage M1 and M2 polarized positive cells was
plotted statistically (Fig. 4b). The proportion of positive cells for M1
polarization of macrophages increased in the R-Mo group in relation to
cells in the Ti and P-Mo groups (*p < 0.05). The concentration of IL-6 in
the R-Mo group was significantly higher than that in the P-Mo group
(Fig. 4c). The pH variation in the cell culture supernatant was minimal,
with no significant differences observed among the Ti, R-Mo, or P-Mo
groups (Fig. 4d). The concentration of Mo in the cell supernatant and
suspension, as assessed via ICP-MS, was shown to be highest in the R-Mo
group, while pre-treatment (P-Mo) significantly reduced the Mo con-
centration in both cell supernatant and intracellular (Fig. 4e).

RT-qPCR was performed for gene expression profiling of
inflammation-related genes (Tnf, 16, Il1b) and oxidant-related genes
(Hmox1) (Fig. 4f). RAW 264.7 cells showed upregulation of the

expression of inflammation-related genes Tnf, 116, and Il1b and of the
oxidant-related gene (Hmox1) after 24 h of R-Mo treatment, whereas
gene downregulation was observed after P-Mo treatment relative to the
R-Mo group (*p < 0.05). The concentration of Mo and IL-6 in the cell
supernatant also exhibited consistent results. However, there were no
statistically significant differences in gene expression of inflammation-
related enzymes (COX2) and M2 polarization-related proteins (Cd68)
(Figs. S3a-b).

3.4. RNA-sequencing analysis of the effect of molybdenum on
macrophages

By setting the cut off values of q and fold-change (FC) at 1.139 and
1.128, RNA of R-Mo-treated RAW 264.7 cells constituted of 925 genes
(882 upregulated and 41 downregulated) showing differential expres-
sion between Ti-treated and R-Mo treated cells (Fig. 5a). Fig. 5b illus-
trates the KEGG pathway analysis of the identified genes, which are
enriched in the "HIF-1 signaling pathway’ and ’Neutrophil extracellular
trap formation’ pathway. In DEGS, hub genes were screened using the
Cytoscape software through the use of the Matthew’s correlation coef-
ficient (MCC) plug-in. Sorting by p value, GO terms of the biological
process (BP); cellular component (CC) and molecular function (MF) are
shown in Fig. 5¢ shows that the identified genes are primarily involved
in the positive regulation of cell adhesion and angiogenesis in the BP
category, localized to the membrane and extracellular region in the CC
category, and are mainly associated with calcium ion binding and kinase
activity in the MF category. PPI network diagrams were constructed to
show the interactions between enriched genes (Fig. 5d and e). PPI net-
works show the six hub genes, namely, Mmp9, Acta2, Nos2, Vegfa, Nos3,
Col4a2. The darker the color, the stronger the degree of criticality.
Mmp9, Acta2 (Fig. 5f and g) and Nos2 (Fig. S4) gene expression levels
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Fig. 4. Effect of molybdenum on the polarization of RAW 264.7 cells. (a) Flow cytometry analysis of RAW 264.7 cells cultured on Ti, R-Mo, and P-Mo treated after
24 h. (b) Statistical graph of CCR7-positive (M1 marker) and CD206-positive (M2 marker) cells. (c) Concentration of IL-6 in the cell supernatant measured using
ELISA. (d) pH values of the cell supernatant. (e) Concentration of Mo ions in the cell supernatant and intercellular measured using ICP-MS. (f) RT-qPCR mea-
surements of the expression profile of inflammatory-related genes (Tnf, 116, and I11b) and Oxidant-related genes (as Hmox1) after 24 h treatment by Ti, R-Mo, and P-
Mo. Data were normalized to the mean values of Gapdh gene expression for each gene of interest. The p-values are based on one-way ANOVA: *p < 0.05, **p < 0.01,

wxxp < 0,001,

within the cells were validated using RT-qPCR. The RNA expression
level of Mmp9 was more than four times higher than that in the Ti group,
and its upregulation was more pronounced than that of Acta2.

The results of bioinformatics analysis and validation of relative gene
expression levels indicate that Mmp9 is the most prominently altered
gene during the R-Mo-induced polarization of RAW 264.7 cells towards
the M1 phenotype (Fig. 5). Therefore, subsequent studies focused on
Mmp9.

3.5. Effect of raw molybdenum on macrophages treated by MMP9
inhibitor

To further verify the critical role of Mmp9 in the induction of M1
polarization by raw Mo, MMP9 inhibitors were used to pre-treat RAW
264.7 cells. Phalloidin staining and DAPI staining were used to visualize
the cytoskeleton (red) and nuclei (blue) of RAW 264.7 cells in the R-Mo
group and after pre-treatment with the MMP9 inhibitor (Ilomastat)
(Fig. 6a). In this experiment, the group pre-treated with Ilomastat alone
was set as the negative control. The cell circularity corresponded to the

observed cell morphology (Fig. 6b). By calculating the circularity of
macrophages, the roundness of cells treated with the inhibitor was closer
to 1. However, the value for the R-Mo group was less than 0.5. Treat-
ment with an MMP9 inhibitor reduced the expression of 116, Il1b, and
Hmox1 in RAW 264.7 cells surrounding the raw Mo(Fig. 6c).

4. Discussion

Metallic Mo demonstrates excellent mechanical properties and
biocompatibility, making it a promising candidate for medical implants.
Understanding the mechanisms by which Mo induces inflammatory or
immune responses is essential for its clinical translation. The degrada-
tion behavior of metallic Mo is influenced by physiological conditions
[59]. According to the results presented herein, the primary degradation
products of pure Mo in DMEM/F-12 medium during in vitro corrosion
include Mo, P, O, Ca, and C. Additionally, XRD results indicate that the
degradation process of Mo is primarily concentrated around the char-
acteristic peaks of Mo and MoO:. The biocompatibility of Mo on mac-
rophages has been effectively verified. Furthermore, bioinformatics
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analysis and validation experiments suggest that the Mmp9 gene and
related pathways play an important role in the Mo-induced polarization
of macrophages towards the M1 phenotype.

4.1. Degradation behavior under physiological conditions

According to thermodynamic charts, Mo corrosion occurs through an
oxygen-consuming reaction, similar to the corrosion processes of Zn, Fe,
and their alloys [38,60,61]. In contrast, the corrosion of Mg and its al-
loys, another commonly used as biodegradable metals, is characterized
by a hydrogen evolution reaction [48]. From a thermodynamic
perspective, Mo in a neutral environment, including the DMEM/F-12
solution used in this study, tends to passivate and form a MoO: oxide
layer during the initial stages of corrosion [11,35,38,62]. Specifically,

the process can be described by the following equations:
Anodic reaction: Mo + 2H30 — MoOy, + 4HT + 4e” (Eq. 1)
Cathodic reaction: Oy + 4H" + 4e~ — 2H,0 (Eq. 2)

The corrosion of Mo is a cascade reaction, wherein the surface

corrosion products of Mo continuously evolve during the corrosion
process. As corrosion progresses, the surface corrosion products transi-
tion from lower oxidation states to higher oxidation states, eventually
dissolving into molybdate ions. This process can be explained by the
following equations:

Mo + 4H,0 — MoO%~ + 8H' + 6e” (Eq. 3)
MoO5, + 2H,0 - MoOF~ + 4H" + 2e~ (Eq. 4)
MoOs5 + Hy0 — MoO3™ + 2H" (Eq. 5)
MoO3 + Hy0 - HMoOz + H* (Eq. 6)

The degradation process of Mo and the changes in surface elements
during immersion in DMEM/F-12 solution were investigated and
analyzed using electrochemical methods (Fig. 1). Results from the PDP
curves showed that the corrosion potential shifted in a negative direc-
tion with prolonged immersion time, which may be attributed to
changes in the type of the surface corrosion product layer. A previous
study has suggested that the potential difference between the oxidation
reaction (anode) and reduction reaction (cathode) increases as the
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Fig. 6. Effect of raw molybdenum on RAW 264.7 cells treated with MMP9 inhibitor. (a) Immunofluorescence image of RAW 264.7 cells treated with MMP9 inhibitor
(Ilomastat). Images were captured using a confocal microscope at 60 x magnification. Scale bar = 10 pm. (b) Cell circularity formula and schematic diagram (created
by biorender.com), followed by the corresponding analytical results of macrophages. (¢) RT-qPCR analysis of gene expression levels. Expression of 116, Il11b, and
Hmox1 genes in treated versus R-Mo treated RAW 264.7 cells. Data are presented as mean =+ standard error of the mean (SEM) from three independent experiments.
Expression levels were normalized to Gapdh. Statistical significance are based on one-way ANOVA: (*p < 0.05, **p < 0.01, ***p < 0.001).

corrosion products of Mo transition from a low valence state to a high
valence state [11], resulting in a negative potential shift. Corrosion
products on the surface of Mo are primarily oxides that exhibit semi-
conductor properties. As the valence of Mo increases, the bandgap of
these oxides widens: MoOs.x (2 < x < 3) exhibits high conductivity,
MoOs; is classified as semi-metal, and MoOs has a wide bandgap (> 2.7
eV) [63]. The color of Mo surface products changes as it transitions from
a low valence state to a high valence state, typically from gray to yellow,
and eventually to black or even transparent [11,38], which aligns with
the observations above. Importantly, XRD further confirmed that
high-valence oxides of Mo (MoOg3) were detected only after 14 days of
immersion. XPS results also showed the presence of Mo ions in different
valence states. Thus, the corrosion products on the surface of Mo un-
dergo dynamic changes during immersion in DMEM/F-12 cell medium,
transitioning from low-valence oxides to high-valence oxides.

The different valence of Mo oxide may induce different cell responses
on macrophages. Mo ions (MoO‘Zf) can influence the formation of
multinucleated giant cells in vivo to modulate the polarization type of
macrophages [64]. In addition, recent studies have confirmed the
functionality of other Mo corrosion products, such as MoO5 and MoOs,
on osteoblasts and osteoclasts, demonstrating their ability to promote
osteogenic differentiation and inhibit osteoclast activity in a
concentration-dependent manner [65,66]. However, to the best of our
knowledge, no study has explored the relationship between these
corrosion products and macrophage behavior, despite this being a
crucial factor in the clinical translation of Mo-based implants.

4.2. Assessment of macrophage responses towards metallic molybdenum

Cytocompatibility, hemocompatibility, and biocompatibility are
critical for the use of degradable implants [67-69]. These criteria ensure

that biomaterials interact effectively with human cells, blood compo-
nents, and major organs, which is essential for their materials properties
of medical implants. The effects of Mo on macrophages were assessed in
terms of morphology, metabolism, gene expression levels, and RNA
transcription to reveal the mechanisms and potential targets of
Mo-induced transformation of RAW 264.7 cells towards M1 polariza-
tion. In this study, both the direct and indirect cell experiments
confirmed that Mo exhibits no significant cytotoxicity to macrophages.
It should be emphasized that the Mo implants trigger an immune
response upon implantation. As the first responders in the immune
process, macrophages are recruited to the vicinity of the implant, where
the corrosion products released during Mo degradation could impact
immune cells. To simulate this process, we employed an in vitro model
wherein the macrophages were co-cultured with the specimens. Mo
exhibited biocompatibility comparable to Ti, which is regarded as the
gold standard for metallic implants, consistent with Toschka’s study
[28]. However, raw Mo was shown to affect the morphology of RAW
264.7 cells rounding and elongated the cells. In contrast, Mo treated by
media immersion did not cause this effect in RAW 264.7 cells (Fig. 3).
Further, flow cytometry experiments confirmed the raw Mo-induced
polarization of macrophages toward M1 phenotype (Fig. 4a and 4b).
M1 polarization of macrophages is considered indicative of a
pro-inflammatory state [70], indicating that Mo has the potential to
induce localized cellular inflammation, consistent with the findings by
Sikora-Jasinska et al. [31].

Furthermore, P-Mo was shown to reduce the concentration of Mo
ions, so as cytokine IL-6 released by macrophages. These results showed
elevated changes in both inflammation-related genes (Tnf, 116, and Il11b)
and oxidation-related genes (Hmox1) (Fig. 4f and Fig. S3). Schauer et al.
conducted a study using a rat model to analyze the concentration of Mo
ions in rat organs following the implantation of Mo devices [71]. They
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showed that a significant amount of Mo was found near the implant site,
while Mo levels in other organs did not increase, similar to our findings
(Figs. 2 and 3). This suggests that Mo may primarily affect the sur-
rounding tissues or cells rather than distant ones.

The early-stage release of Mo ions is a critical intervention. Ac-
cording to our experimental results, in vitro system, Mo exhibits
acceptable effect on macrophage cell viability (Fig. 3). However, un-
treated raw Mo exposes surrounding macrophages to relatively high
concentrations of Mo, leading to increased intracellular Mo levels. This
suggests that the early degradation of Mo impacts the local immune
environment, a phenomenon that warrants further study. Based on the
analysis of macrophage morphology (Fig. 3), Mo ion concentration
(Fig. 4e) and gene expression (Fig. 4f), this study demonstrates that
preconditioning of Mo is an effective strategy to control the early-stage
release of Mo ions.

4.3. Potential mechanism of macrophage M1 polarization

To investigate the mechanism by which raw Mo induces the con-
version of RAW 264.7 cells to M1 polarization, RNA sequencing analysis
targeted Mmp9 (Fig. 5), and showed elevated expression of Mmp9.
Further, inhibitors of the MMP family were used to verify that Mmp9
gene plays an important role in the M1 polarization process of RAW
264.7 cells in this system (Fig. 6). The morphology of macrophages was
closer to that of the negative control after the use of MMP9 inhibitors
(Fig. 6a). The expression of pro-inflammatory genes related to their
biological activity such as Tnf, Il6, and Hmox1 gene decreased under
inhibitor condition (Fig. 6¢), suggesting that Mmp9 is not only one of the
markers of M1 polarization but may play an important role in raw Mo
regulation of macrophage polarization.

In exploring the mechanism by which Mo induces the polarization of
RAW 264.7 cells toward M1 (Fig. 7), our findings are consistent with
previous studies. Yang et al. showed that, in an inflammatory

Mo+2H,0 — MoO, +4H*+4e

Mo0,+2H,0 — MoO > +4H*+2e"
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environment, MMP9 expression was increased to promote the shift of
macrophages toward the M1 phenotype [72]. Inhibition of MMP9 ac-
tivity significantly reduced the number of M1 macrophages, further
supporting the induced role of MMP9 in M1 polarization [73]. In
contrast to previous studies, our experiments further elucidated the
causal role of Mmp9 in M1 polarization through inhibitor treatment and
identified potential target genes influenced by Mo metal in promoting
M1 polarization in RAW 264.7 cells.

Existing studies have shown that multiple signaling pathways that
regulate cellular inflammation, proliferation, and metabolism, such as
NF-kB [74], MAPK-ERK [75], and PI3K-AKT, affect the expression of
MMP9 [76]. Additionally, we have shown that multiple pathways
involved in MMP9 regulation, such as HIF-1 signaling pathway and
neutrophil extracellular traps formation, were enriched in R-Mo group
compared to Ti (Fig. 5d), which align with previous research [77,78].
The neutrophil extracellular trap formation pathway plays a crucial role
in regulating immune defense, immune responses, and wound healing
[79]. More importantly, based on current studies, the HIF-1 signaling
pathway plays a crucial role in regulating tissue repair and regeneration,
particularly in maintaining cellular oxygen balance [80]. The potential
oxidative degradation process of Mo in the in vivo environment likely
affects cellular oxygen balance, activating the HIF-1 signaling pathway
and inducing Mmp9 gene expression, which triggers macrophage po-
larization towards the M1 phenotype (In Section 4.1). Thus, enrichment
of the neutrophil extracellular trap formation pathway suggests that the
’neutrophil-macrophage’ immune environment during the Mo degra-
dation process merits further investigation.

Furthermore, the cellular component may be responsible for R-Mo-
induced macrophage polarization. Scavenger receptors and metal
transport protein 1 on cell membranes have been demonstrated to be
modulated by metal ions to influence oxidative stress [81], cell meta-
bolism [82], and inflammation [83]. Based on the RNA sequencing re-
sults and existing studies, we could propose that Mo-related proteins
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may enter cells through the cellular membrane via these two mecha-
nisms, leading to elevated Mmp9 gene expression and subsequently
inducing M1 polarization.

Although the present study revealed an important role of Mmp9 in
Mo-induced macrophage polarization, validation in future in vivo model
studies remains necessary as the present study is based mainly on in vitro
experiments. Furthermore, Mo occurs principally in the VI oxidation
state as molybdate (MoO‘Zf) ions [38,84,85]. However, Mo also exists in
divalent and tetravalent states. Therefore, whether the valence states of
Mo are involved in regulating the immune environment remains un-
clear. Future research will focus on investigating Mo’s applications in
the medical field, aiming to explore the findings of this study and resolve
existing limitations.

5. Conclusions

In this study, the biodegradation behavior of metallic Mo and its
effects on macrophage M1 polarization were explored using electro-
chemical analysis and in vitro experiments. The early degradation of Mo
was found to modulate the morphology and polarization of nearby
macrophages towards an M1 phenotype, with untreated Mo inducing
stronger M1 polarization compared to its pre-treated counterpart. RNA
transcriptional analysis identified Mmp9 as a critical gene involved in
this process, a finding confirmed through experiments with MMP9 in-
hibitors. These results underscore the role of Mmp9 in mediating Mo-
induced polarization and suggest that pre-treatment of Mo can miti-
gate the adverse effects of its early degradation on macrophages and the
surrounding immune environment.

Our findings not only deepen the understanding of how Mo affects
macrophage polarization but also pave the way for further exploration
of its immunomodulatory properties and potential therapeutic applica-
tions, particularly through precise control of Mo degradation and
regulation of critical gene expression.
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