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Novel Palladium Hydride Surface Enabling Simultaneous
Bacterial Killing and Osteogenic Formation through Proton
Capturing and Activation of Antioxidant System in Immune
Microenvironments

Dongdong Zhang, Mei Li, Shuhan Chen, Huihui Du, Hua Zhong, Jun Wu, Feihong Liu,
Qian Zhang, Feng Peng,* Xuanyong Liu,* and Kelvin W.K. Yeung*

Achieving bacterial killing and osteogenic formation on an implant surface
rarely occurs. In this study, a novel surface design–a palladium hydride (PdHx)
film that enables these two distinct features to coexist is introduced. The PdHx

lattice captures protons in the extracellular microenvironment of bacteria,
disrupting their normal metabolic activities, such as ATP synthesis, nutrient
co-transport, and oxidative stress. This disruption leads to significant bacterial
death, as evidenced by RNA sequence analysis. Additionally, the unique
enzymatic activity and hydrogen-loading properties of PdHx activate the human
antioxidant system, resulting in the rapid clearance of reactive oxygen species.
This process reshapes the osteogenic immune microenvironment, promoting
accelerated osteogenesis. These findings reveal that the downregulation
of the NOD-like receptor signaling pathway is critical for activating immune
cells toward M2 phenotype polarization. This novel surface design provides
new strategies for modifying implant coatings to simultaneously prevent
bacterial infection, reduce inflammation, and enhance tissue regeneration,
making it a noteworthy contribution to the field of advanced materials.
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1. Introduction

Orthopedic implants have the potential to
significantly improve patients’ quality of life
by restoring mobility and function in dam-
aged or missing bones.[1–3] With the global
rise in orthopedic diseases due to aging pop-
ulations and increased healthcare aware-
ness, the demand for these implants contin-
ues to grow.[4] However, several challenges
remain in ensuring the efficacy and ac-
cessibility of orthopedic implants for clin-
ical therapy. Complications such as early
bacterial infection, immune rejection, in-
flammatory response, and osseointegration
loosening can lead to premature failure
of implants, delayed union and nonunion,
and local dysfunction or damage to bone
tissue.[5–7] Consequently, researchers may
consider to minimize the need for the
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removal of failed implants and subsequent medication and
surgical interventions. Surface modifications of orthopedic
implants, including special surface structures, drug/bioreagent-
loading layers, and external light/ultrasonic-responsive films,
have been explored as potential solutions to reduce implant
failure.[8,9] However, these strategies have not been widely
adopted due to inherent limitations such as inefficiency, an-
tibiotic resistance, systemic toxicity, and complex preparation
processes.[10,11] Considering the distinct microenvironments
and biological mechanisms of bacteria, bone-related cells, and
immune cells, this study aims to develop a biosafe surface that
exhibits specific biomedical functions when interacting with
particular bacteria or cells in their unique microenvironments.

Currently, antibacterial research focuses on drug/chemo-
based, reactive oxygen species (ROS)-mediated, and field-heating
sterilization methods, resulting in the development of various ad-
vanced biomaterials and designs.[12–16] However, these strategies
are incapable of selectively killing bacterial cells while sparing
normal mammalian cells. To address this issue, a new approach
can be proposed by exploiting the metabolic differences between
mammalian and bacterial cells. Respiration, a critical process for
energy metabolism in living organisms, is essential for maintain-
ing their normal function.[17,18] Notably, bacterial respiration oc-
curs on the bacterial membrane, while mammalian respiration
takes place on the mitochondrial membrane.[19] This metabolic
distinction provides an opportunity for a novel treatment strat-
egy that enables targeted bacterial killing without harming nor-
mal cells. Furthermore, proton transfer plays a role in the res-
piration and energy metabolism of living bacteria and cells.[20] A
stable proton concentration gradient between the interior and ex-
terior of the bacterial membrane is crucial for adenosine triphos-
phate (ATP) production, nutrient co-transport, and intracellular
redox reactions.[21,22] Antimicrobial drugs can disrupt the energy
metabolism of microorganisms by inhibiting proton pump func-
tion, leading to impaired cell function. Common proton pump
inhibitors, such as omeprazole and lansoprazole, are primarily
used to treat excessive stomach acid and gastric ulcers but also
exhibit antimicrobial activity against specific microorganisms.
Based on these findings, we propose that bacterial metabolism
and cell fate can be differentiated by interfering with proton
transfer.

Interestingly, palladium (Pd) atoms have been identified can
readily bind to hydrogen atoms, allowing Pd nanocrystals to store
proton (form PdHx) and release H2 through their lattices at room
temperature.[23] To maintain the proton concentration gradient,
bacteria need to transfer intracellular protons to the extracellu-
lar space. Therefore, we propose that the 5s electron layer of
Pd atoms can be utilized to conjugate protons, drawing them
into the PdHx lattice and effectively consuming them in the mi-
croenvironment outside the bacterial membrane. This process
can then disrupt bacterial respiration and ultimately lead to their
death. Simultaneously, PdHx nanostructures possess a variety of
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antioxidant enzymatic activities akin to natural enzymes.[23] Re-
cent studies have demonstrated that due to its exceptional trans-
membrane capacity, hydrogen (H2) can act as a Trojan horse,
effectively infiltrating bacterial biofilms. Subsequently, H2 con-
siderably hampers bacterial metabolism by modulating adeno-
sine triphosphate (ATP) and nicotinamide adenine dinucleotide
(NADH).[24,25] Moreover, the released H2 from PdHx serves as
an endogenous gas and an antioxidant with essential physiolog-
ical and pathological regulatory functions, demonstrating signif-
icant therapeutic effects on various diseases, such as atheroscle-
rosis, Alzheimer’s disease, arthritis, dermatitis, colitis, hepatitis,
and pancreatitis.[26,27] Indeed, the human body’s antioxidant de-
fense system consists of antioxidant enzymes and antioxidants,
which play crucial biological roles in regulating macrophages,
wound repair, and preventing nerve damage.[28] Biomimetic na-
noenzymes hold the potential in regulating the bone immune mi-
croenvironment, achieving anti-inflammatory effects, and pro-
moting osteogenesis and angiogenesis.[10] Hence, we believe that
the unique enzymatic activity and hydrogen-loading characteris-
tics of PdHx can effectively function as a biomaterial-based an-
tioxidant system, leading to rapid clearance of ROS and promot-
ing the conversion of macrophages to the anti-inflammatory M2
type.[29]

In this study, we hypothesized that PdHx film-modified metal-
lic implants can exhibit dual bactericidal and osteogenic immune
microenvironment regulatory functions through the mechanism
of “capture and release” of protons (Scheme 1). The PdHx film-
modified titanium (Ti) implant can be tailor-made by employ-
ing ion sputtering and immersion treatment under H2 gas flow
at room temperature. We investigated the material characteriza-
tions and physicochemical properties, such as film characteris-
tics, hydrogen release behavior, and enzyme-like activity. Addi-
tionally, we examined the biological effects of the PdHx films on
bacteria, macrophages, and bone-related cells using transcrip-
tome sequencing and intracellular molecular assays. Moreover,
we evaluated the in vivo treatment effect on various conditions,
including subcutaneous air sac, normal bone defect, and infected
bone defect.

2. Results and Discussion

2.1. Characterization and Physicochemical Properties

Figure 1 shows a schematic overview of the film’s preparation
and its fundamental characterizations. The PdHx film was pre-
pared on a Ti substrate using a novel two-step method (Figure 1a).
The substrate was coated with Pd using ion sputtering, and H2
was loaded onto the film by immersing the sample in H2 gas
flow at room temperature. Pd nanocrystals are excellent chem-
ical hydrogen storage materials, and hydrogen molecules move
to the surface of Pd under normal temperatures.[30,31] During Pd-
mediated catalysis, the hydrogen molecule splits into two hydro-
gen atoms and forms an unstable chemical bond with the Pd
atoms. The hydrogen atoms are stored in the Pd lattice to form
PdHx (reaction 1), which is a reversible process. Subsequently,
the hydrogen atoms can slowly break away from the Pd lattice,
reforming into hydrogen molecules (reaction 2).

Pd + xH+ → PdHx (1)
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Scheme 1. Schematic illustration of the mechanism of the proton transfer-mediated bacterial killing with the enzymic osteogenic immune microenvi-
ronment remodeling on titanium implants.

PdHx → Pd + (1x) ∕2H2 (2)

The pristine Ti surface exhibits a flat and smooth morphol-
ogy (Figure 1b), which, after Pd deposition, transitioned to a
nanoscale roughness (Figure 1c). Following H2 loading, the in-
sertion of protons into the Pd lattice induced film expansion and
subsequent microcracking (Figure 1d). The film’s thinness pre-
cluded the X-ray diffraction (XRD) analysis from revealing char-
acteristic peaks (Figure S1, Supporting Information). Transmis-
sion electron microscopy (TEM) provided further insights, with
sample preparations being made using focused ion beam milling
to afford a cross-sectional view of the PdHx film (Figure 1e).
Given the minimal size of hydrogen atoms and their location
within the Pd lattice’s interstitial gaps, the Pd atomic arrange-
ment remains unaffected. Consequently, the TEM diffraction pat-
terns confirmed this, exhibiting the (222) and (200) crystal plane
structures. The PdHx thin film maintained direct atomic con-
tact with the Ti substrate, exhibiting no discernible voids and
secure bonding. The film’s thickness was measured at ≈50 nm
(Figure 1f). Only elements Pd, Ti, and O were detected in the X-
ray photoelectron spectroscopy (XPS) spectra (Figure 1g). The Pd
film, initially dark blue, transitioned in hue to light brown upon
H2 absorption, reflecting the materials’ changing surface char-
acteristics (Figure 1h). The observed increase in surface contact
angle is attributable to the hydrophobic characteristics of the gas
molecules. Furthermore, a reduction in corrosion current density
suggests that both Ti-Pd and Ti-PdHx exhibit improved corrosion

resistance compared to the untreated Ti substrate, as detailed in
Figure S2 (Supporting Information).

To assess the hydrogen release behavior of Ti-PdHx, 2,2-
diphenyl-1-picrylhydrazyl (DPPH•) was chosen as the oxidative
probe. DPPH• is stable, exhibiting a purple color without a cat-
alyst throughout the testing duration. A color fade signifies the
reduction of DPPH•, with the emitted reductive hydrogen quan-
tifiable by the absorption peak decrease at 517 nm. Figure 2a
depicts a pronounced hydrogen release within the first 3 h, at-
tributed to the significant hydrogen adsorption on the Ti-PdHx
surface. Approximately 45% of hydrogen was released from Ti-
PdHx after 33 h. The film’s peroxidase-like activity was gauged
using a 3,3′,5,5′-tetramethylbenzidine (TMB) assay, indicating
that both Pd and PdHx films do not generate ROS at 37 °C in
saline solution (Figure 2b). Additionally, the antioxidant enzyme-
mimicking and free radical-scavenging capacities of PdHx film
were examined (Figure 2c), with the introduction of H2 poten-
tially enhancing Ti-PdHx’s antioxidant characteristics. The su-
peroxide radical (O2

•−) scavenging represents the initial phase of
the antioxidant cascade. Ti, Ti-Pd, and Ti-PdHx’s superoxide dis-
mutase (SOD)-like activities underwent assessment via a WST-8
colorimetric assay, with the absorption spectra and quantitative
outcomes presented in Figure 2d,g, respectively. The suppres-
sion efficacy on O2

•− for Ti, Ti-Pd, and Ti-PdHx is less than 10%,
and progresses in the order of Ti < Ti-Pd < Ti-PdHx. The sub-
sequent cascade stage involves the removal of H2O2 generated
by SOD catalysis. The catalase (CAT)-like intrinsic activities of
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Figure 1. Schematic illustration of the preparation process of Ti-Pd and Ti-PdHx samples (a). Surface scanning electron microscopy morphologies of Ti,
Ti-Pd, and Ti-PdHx (b–d). Transmission electron microscopy images (e) and the energy-dispersive X-ray spectroscopy spectrum (f) of PdHx film. X-ray
photoelectron spectroscopy spectra (g), digital photos, and water contact angle (h) of Ti, Ti-Pd, and Ti-PdHx.

Ti, Ti-Pd, and Ti-PdHx were analyzed by monitoring the break-
down of 10 mm H2O2 into water and oxygen. The diminishing
absorbance at 405 nm evident in Figure 2e signals H2O2 con-
sumption within the reaction. Ti-PdHx demonstrated the swiftest
H2O2 elimination (Figure 2h), reaching a 94.6% scavenging rate
within 12 h and displaying superior catalytic prowess relative
to Ti (−0.4%) and Ti-Pd (83.3%). The remarkable CAT-like and
SOD-like functions of the PdHx films are ascribed to the promi-

nently exposed Pd (111) crystal facet, which, as reported, pos-
sesses greater antioxidant capabilities than Pd (100) facets, due to
reduced surface energies.[32] The comprehensive antioxidant ca-
pacities of Ti, Ti-Pd, and Ti-PdHx were appraised with a DPPH•

colorimetric assay at an absorption of 517 nm. Given atomic hy-
drogen’s potent reductive power, Ti-PdHx exhibited a significant
leap in total antioxidant capacity after hydrogen loading, soaring
from 10.4% to 64.4% (Figure 2f,i).
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Figure 2. Hydrogen release behavior of Ti-PdHx in PBS solution at 37 °C (a). UV–vis spectra of TMB to determine the production of reactive oxygen
species under simulated bacterial culture conditions for Ti, Ti-Pd, and Ti-PdHx (b). Schematic illustration of the enzyme catalytic activity of Ti-PdHx (c).
UV–vis spectra of WST-B and corresponding quantitative results to determine the SOD-like (d,g), CAT-like (e,h), and DPPH• scavenging (f,i) activity of
Ti, Ti-Pd, and Ti-PdHx.

2.2. Antibacterial Performance and Mechanism Verification

Staphylococcus aureus (S. aureus), a gram-positive bacterium
known for its propensity to infect orthopedic trauma and im-
plants, was selected to assess the antibacterial activity of the
samples.[33] Figure 3a indicates that Ti-Pd and Ti-PdHx samples
supported the growth of fewer bacterial colonies compared to the
Ti samples, signifying enhanced antibacterial properties. This
finding was corroborated by tests conducted with Escherichia coli
(E. coli), as illustrated in Figure S3 (Supporting Information).
Live/dead bacterial stain analyses showed intense green fluores-
cence, indicative of a preponderance of viable bacteria on the Ti
surfaces, whereas Ti-Pd and Ti-PdHx exhibited markedly fewer
live bacteria (Figure 3b). Cell viability assessments of S. aureus
substantiated this observation, with the highest survival on Ti,
followed by Ti-PdHx and Ti-Pd, in descending order (Figure 3c).
This trend was mirrored in ATP synthesis levels among the sam-
ples, as depicted in Figure 3d. Furthermore, 5-cyano-2,3-ditolyl
Tetrazolium Chloride (CTC) indicated that bacterial respiration
was notably diminished on Ti-Pd and Ti-PdHx compared to un-
treated Ti (Figure 3e). ROS fluorescence staining suggested that

both Ti-Pd and Ti-PdHx elicited intrabacterial ROS production,
signifying oxidative stress in the bacteria (Figure 3f). It is criti-
cal to note that although enzymatic assays indicated that Pd and
PdHx films did not generate ROS in physiological saline at 37 °C
but scavenged them instead (Figure 2). In addition, minor vari-
ations in contact angle are anticipated to exert a negligible in-
fluence on the antibacterial efficacy. Since the magnitude of the
contact angle predominantly reflects the water contact angle of a
surface under ambient air conditions. Nonetheless, when a sur-
face is subjected to prolonged exposure to a liquid environment,
it is expected to achieve a state of complete wetting eventually.
Therefore, these films must possess unique antibacterial mech-
anisms that prompt extensive metabolic disturbances in bacte-
ria. Remarkably, Ti-PdHx demonstrated marginally reduced an-
tibacterial efficacy compared to Ti-Pd. Pursuing this observation,
Ti-Pd was subjected to a 24-hour hydrogen gas flow (denoted as
Ti-PdH) to increase proton loading beyond that of Ti-PdHx. The
resulting antibacterial activity hierarchy against S. aureus was Ti-
Pd > Ti-PdHx > Ti-PdH (Figure S4, Supporting Information),
suggesting a direct correlation between stored proton levels in
the Pd lattice and diminished antibacterial potency.

Adv. Mater. 2024, 36, 2404485 2404485 (5 of 16) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Antibacterial performance evaluation of Ti, Ti-Pd, and Ti-PdHx. In vitro tests: representative culture images of bacterial colonies (a); live/dead
staining (b); cell activity (c); ATP level (d); CTC staining (e); ROS staining (f); schematic diagram of PdHx film capturing bacterial protons before and
after bacterial coculture (g); schematic diagram of hydrogen reduction of DPPH• to DPPH2 (h); DPPH• scavenging activity before and after bacterial
coculture (i). In vivo tests: representative culture images of bacterial colonies for 1 and 4 days (j); Giemsa and hematoxylin & eosin staining. Extensive
lymphocyte and neutrophil infiltration are shown with red arrows; bacteria are shown with blue arrows (k).
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As a natural and excellent hydrogen storage material, Pd binds
with hydrogen atoms, maybe thereby interfering with the proton
transport process in bacteria and leading to their death. To inves-
tigate the proton transfer from S. aureus to the Ti-Pd and Ti-PdHx
surfaces, a specialized experiment was conducted, delineated in
the schematic of Figure 3g. The oxidative probe DPPH• serves
as a detector of sample reducibility, indicating their hydrogen re-
tention and release capabilities (Figure 3h). Generally, the greater
the quantity of protons retained in the Pd lattice, the more potent
the sample’s ability to neutralize DPPH• (Figure S5, Supporting
Information). We evaluated the DPPH• scavenging activities of
Ti, Ti-Pd, and Ti-PdHx both before and after exposure to bacterial
cultures, with the findings presented in Figure 3i. Ti served as
a baseline, demonstrating unchanged reducibility subsequent to
bacterial culturing. In marked contrast, Ti-Pd’s scavenging effec-
tiveness improved post-culture, attributable to the Pd coating’s
capacity to store protons and emit reductive hydrogen. This pro-
nounced alteration suggests that the Pd overlay seizes extracellu-
lar bacterial protons, incorporating them into its lattice for subse-
quent storage while engaging in bacterial cultivation. Conversely,
for the Ti-PdHx variant, the DPPH• scavenging proficiency di-
minished post-culture, a consequence of the hydrogen expelled
surpassing that which was initially conserved during the bacterial
incubation. Pd and PdHx kill bacteria by capturing the bacterial
protons. This antibacterial mechanism determines that their an-
tibacterial performance is related to the inherent proton content
in the lattice; the higher the proton content, the weaker the an-
tibacterial ability.

The in vivo antibacterial activity of the samples was also inves-
tigated using a mouse model implanted with S. aureus-infected
biofilm as a carrier. The in vivo results, as shown in Figure 3j,k,
demonstrated that the raw Ti group exhibited substantial bacte-
rial colony growth. By contrast, the Ti-Pd and Ti-PdHx groups
displayed fewer bacterial colonies, indicating that they effectively
inhibited bacterial growth in vivo. Histopathological changes in
the femurs of each group were observed using hematoxylin and
eosin (H&E) staining, and the presence of residual bacteria was
visualized using Giemsa staining. H&E staining revealed typical
features of tissue infection in samples from the raw Ti groups, in-
cluding extensive lymphocyte and neutrophil infiltration, where
the bone tissues were in contact with the implants. Moreover, nu-
merous bacteria were observed in the Ti groups by Giemsa stain-
ing. The Ti-Pd and Ti-PdHx groups showed weaker inflammatory
reactions, and the bacteria were reduced to almost invisible lev-
els, illustrating their excellent antibacterial properties in vivo.

Transcriptome sequence analysis was performed to explore the
antibacterial mechanisms of Ti-PdHx. The total raw reads for Ti
and Ti-PdHx were 3.97 and 4.02 million, respectively, whereas
the clean-read rates were 99.37% and 99.73%, respectively. The
Pearson correlation values indicate good clustering between the
Ti and Ti-PdHx groups (Figure S6, Supporting Information). The
samples showed a significant difference in the first principal
component (Figure S7, Supporting Information), demonstrating
that the Ti-PdHx surface had a noticeable impact on S. aureus
gene expression. Figure 4a shows a volcano plot of the differen-
tially expressed genes (DEGs). There were 180 DEGs, of which
62 were upregulated and 118 were downregulated. To further an-
alyze the exact functions of these genes, the Kyoto Encyclopedia
of Genes and Genomes (KEGG) and Gene Ontology (GO) enrich-

ment analyses were performed. As shown in Figure 4b, the top 20
pathways in the KEGG terms mainly focused on the biosynthe-
sis and metabolism of various amino acids, including D-amino
acids, histidine, arginine, proline, alanine, aspartate, glutamate,
lysine, cysteine, methionine, valine, leucine, and isoleucine. For
the top 20 enriched biological processes by GO (Figure 4c), 18
were downregulated, and 13 were related to amino acid metabolic
and biosynthetic processes. Therefore, both the KEGG and GO
enrichment analyses demonstrated that amino acid-related be-
haviors were suppressed by the PdHx film. In terms of molecular
function (Figure 4d), antioxidant, peroxidase, and oxidoreductase
activities were all upregulated, suggesting that oxidative behav-
iors were enhanced, providing evidence that bacteria cultured on
the Ti-PdHx surface may encounter oxidative stress damage. No-
tably, compared with the Ti group, the bacteria cultured on the Ti-
PdHx surface exhibited lower nicotinamide adenine dinucleotide
phosphate (NADP) and lyase (especially hydro-lyase and carbon-
oxygen lyase) activities. NADP is a coenzyme involved in several
dehydrogenases in the body. The removal of flavin proteins from
the metabolic process plays a vital role in the formation of adeno-
sine triphosphate (ATP) via the transfer of hydrogen. Lyases can
break down proteins and carbohydrates, thereby providing hydro-
gen donors for bacterial respiratory processes. Therefore, these
data demonstrated that the formation of ATP in bacteria cultured
on the Ti-PdHx surface was suppressed.

Gene set enrichment analysis GSEA (Figure 4e) was per-
formed to further confirm the molecular functions involved in
the regulation of bacterial behavior cultured on H2-loaded Pt
films. The normalized enrichment scores (NES) for NADP bind-
ing, ATP binding, ATPase activity, and the tricarboxylic acid cy-
cle were −1.926, −1.822, −1.495, and −0.63, respectively. This
indicates that ATP-related behavior is negatively regulated. No-
tably, the ATP-binding cassette (ABC) transporter complex was
also downregulated, with an NES value of -1.537. The ABC trans-
porter is an ATPase on the bacterial plasma membrane that can
transport ions, amino acids, nucleotides, polysaccharides, pep-
tides, and even proteins. Essential nutrient uptake-related be-
haviors are highly dependent on ABC transporters. Therefore,
the negatively regulated ABC transporter complex implies that
the nutrient transport-related behaviors of bacteria cultured on
the Ti-PdHx surface are inhibited. Overall, the data from the
transcriptome sequence analysis further confirmed that ROS
damage, ATP suppression (which influences the metabolic and
biosynthetic processes of amino acids), and nutrient transport in-
hibition were the main antibacterial mechanisms of the PdHx
film modified Ti (Figure 4f).

2.3. Immune Microenvironment Regulation and Molecular
Mechanism Verification

Figure 5a shows the expression of M1- and M2-related genes in
the bone marrow-derived macrophages (BMDMs) cultured on
various surfaces. In terms of M2-related genes, compared to the
Ti group, the Ti-Pd group exhibited higher expression of CD206
and IL-10 genes, especially CD206 (p < 0.001). Notably, the Ti-
PdHx group showed significantly higher CD206, Arg, and IL-
10 gene expression levels than the Ti group. As for M1-related
genes (TNF-ɑ, IL-6, and iNOS), the Ti-Pd and Ti-PdHx groups
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Figure 4. Transcriptome sequence analysis of antibacterial mechanism (Ti–PdHx vs. Ti). Volcano plot of DEGs (a). The top 20 enriched DEG pathways
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis (b). The top 20 enriched biological processes (c) and molecular function using
Gene Ontology (GO) analysis (d). Red arrows indicate downregulation, while blue arrows indicate upregulation. Gene set enrichment analysis of the
regulated genes with the GO database (e). Schematic illustration of the mechanism of proton transfer-mediated bacterial killing (f).
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Figure 5. Immune responses of bone marrow-derived macrophages (BMDMs) for various groups. Relative mRNA expression of polarization-related
genes in BMDMs after being cultured on various surfaces for 3 days (a). Flow cytometry results of CD86 (M1 marker) and CD206 (M2 marker) in BMDMs
after 3 days of culturing on various surfaces (b). Hematoxylin & eosin staining (c), and immunofluorescence staining (d) of the tissue surrounding the
implants after being subcutaneously implanted for 4 days.

showed few differences, but both were lower than those of the
Ti group. These data indicate that the Pd and H2-modified Ti
surfaces enhance the M2 polarization of BMDMs while inhibit-
ing M1 polarization. Furthermore, the flow cytometry results
suggested that the CD206 protein was expressed at high lev-
els in the cells of the Ti-Pd and Ti-PdHx groups (Figure 5b),
which is inconsistent with the reverse-transcription PCR (RT-
PCR) results. There was no significant difference in the CD86
protein expression between the groups, in contrast to the RT-
PCR results. This may be because flow cytometry mainly an-

alyzes the surface markers of a single cell, which cannot ac-
curately represent the total amount of protein expressed in all
cells. A subcutaneous air pouch model was constructed to eval-
uate the in vivo immune response of the samples. As shown in
Figure 5c, the number of inflammatory cells detected exhibited
the following trend: Ti > Ti-Pd > Ti-PdHx. Immunofluorescence
staining confirmed that the tissue surrounding the Ti-PdHx im-
plant showed the highest CD206 protein expression and the low-
est CD86 protein expression (Figure 5d). These data demon-
strate that Ti-PdHx can reprogram immune cell polarization to a

Adv. Mater. 2024, 36, 2404485 2404485 (9 of 16) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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phenotype that is more favorable to tissue repair, both in vitro
and in vivo.

The findings from the CAT, SOD, and DPPH• colorimet-
ric assays reveal that Ti-Pd possesses antioxidative properties
(Figure 2d–f), indicating its potential immunomodulatory ef-
fects. Moreover, when further hydrogenated, the PdHx film ex-
hibits enhanced antioxidant enzyme activity, functioning in the
initial phase of inflammation and rapidly eliminating oxidizing
agents from inflamed tissue. Moreover, the released reduced H2
can act in the later stages of inflammation at the cellular level
to promote the activation of M2-type macrophages, reshape the
osteogenic immune microenvironment, and achieve both anti-
inflammatory and osteogenesis/angiogenesis-promoting thera-
peutic effects.[34–36]

The results of both the BMDM culture and air pouch model
revealed that the Ti-PdHx sample could better stimulate the M2
polarization of immune cells than the Ti sample. To further in-
vestigate the underlying molecular mechanism of immune reg-
ulation in the Ti-PdHx samples, RNA sequencing was used to
evaluate the whole gene expression profiles of BMDMs cultured
on the Ti and Ti-PdHx samples. As shown in Figure 6a, Pear-
son’s correlation values (>0.94) demonstrated good clustering be-
tween the two analyzed groups. Figure 6b shows a volcano plot,
which suggests that more DEGs were downregulated than upreg-
ulated when Ti was modified with PdHx film. Compared to the Ti
group, the BMDMs cultured on Ti-PdHx showed only 131 signif-
icantly upregulated and 401 significantly downregulated genes
(Figure 6c). These data indicate that the immune regulatory abil-
ity of the Ti-PdHx samples may be correlated with the inhibition
of the polarization signaling pathway in BMDMs.

GO and KEGG analyses were used to further investigate the
signaling pathways involved. Figure 6d shows the GO enrich-
ment bar plot. DEGs were mainly concentrated in the immune
system and innate immune response biological processes. In
terms of cellular components, the largest number of DEGs were
involved in the membrane and cytoplasm. In terms of molec-
ular function, the DEGs are mainly focused on protein bind-
ing. Based on these data, it can be concluded that the H2-loaded
Pd film on Ti can significantly influence proteins on the cell
membrane and cytoplasm, rebuilding the immune responses of
BMDMs. The top 20 significantly differentially expressed signal-
ing pathways identified by KEGG enrichment analysis are shown
in Figure 6e. Four typical signaling pathways participate in im-
mune behavior: the NOD-like receptor, TNF, MAPK, and PI3K-
Akt signaling pathways. Among these, the NOD-like receptor sig-
naling pathway, which consists of pattern recognition receptors
that generate an innate immune response, is the most differen-
tially expressed signaling pathway.[37] In addition, this signaling
pathway functions in the cytoplasm. Therefore, combined with
the GO analysis, we believed that the NOD-like receptor signal-
ing pathway is most likely to be involved in regulating the im-
mune behavior of BMDMs cultured on Ti-PdHx. The KEGG re-
sults were analyzed using the NES (ES; Figure 6f–h). NF-𝜅B and
MAPK are the downstream signaling pathways of the NOD-like
receptor.

The integration of the NOD receptor signaling pathway with
downstream MAPK and NF-𝜅B signaling pathways entails com-
plex interactions and signal transductions. Upon ligand recog-
nition, the NOD receptor initiates its signaling cascade, involv-

ing receptor conformational changes that recruit and activate
downstream signaling molecules. Activated NOD receptors en-
gage adaptor proteins like RIP2 (receptor-interacting protein 2) to
form a complex, subsequently activating the downstream MAPK
and NF-𝜅B signaling pathways.

In the MAPK pathway, a cascade of kinases is activated se-
quentially, ultimately leading to the activation of specific tran-
scription factors, such as AP-1, which regulate gene expression.
Within the NF-𝜅B signaling pathway, the downstream signaling
molecules activated by the NOD receptor prompt the activation
of the IKK (I𝜅B kinase) complex, followed by I𝜅B phosphoryla-
tion, release of NF-𝜅B from the I𝜅B-NF-𝜅B complex, and NF-𝜅B
entry into the nucleus to regulate gene expression. The collective
activation of these signaling pathways orchestrates macrophage
polarization. Additionally, NLRs initiate a signaling cascade that
results in the formation of multiprotein complexes called inflam-
masomes. These inflammasomes activate caspase-1, which sub-
sequently cleaves and activates proinflammatory cytokines such
as IL-1𝛽, IL-6, IL-18, and TNF-𝛼, contributing to macrophage
polarization.[38,39]

The ES values of the NOD-like receptor, NF-𝜅B, and MAPK sig-
naling pathways were −0.509, −0.485, and −0.316, respectively,
indicating that they were all negatively regulated. Heat maps of
the NOD-like receptor-related DEGs are shown in Figure 6i. All
17 DEGs were downregulated in the Ti-PdHx group compared
to the Ti group, suggesting overall downregulation of the NOD-
like receptor signaling pathway. In addition, the genes displayed
in Figure 6i were further confirmed by RT-PCR, which showed
the same trend of downregulated genes as in the Ti-PdHx group
(Figure S8, Supporting Information).

NOD1 and NOD2 are prototypical NOD-like receptors.[40] The
western blotting revealed that the two proteins were downregu-
lated in the Ti-PdHx group (Figure 6j). NOD can activate RIP2 and
recruit TAK1. RIP2 and TAK1 expression were also inhibited in
the Ti-PdHx group (Figure 6j). TAK1 is a kinase that is well known
to activate the NF-𝜅B and MAPK signaling pathways, which are
both pro-inflammatory.[41,42] Considering that the PdHx film on
Ti can reduce ROS via the catalytic ability of Pd and the reduc-
tion ability of H2, the underlying molecular mechanism can be
described as follows (Figure 6k): Pd on the Ti surface cooperates
with the released H2 to alleviate the excessively oxidized microen-
vironment both in extracellular and intracellular terms, and thus
negatively regulate NOD1 and NOD2; accordingly, the down-
stream RIP2 and TAK1 are also inhibited. Finally, NF-𝜅B and
MAPK are inactivated, resulting in an anti-inflammatory pheno-
type in the immune cells. Therefore, the downregulation of NOD-
like receptors plays a crucial role in the immune regulation of
Ti-PdHx implants.

2.4. Bone Regeneration and Integration Evaluation In Vitro and
In Vivo

Macrophages adapt to local microenvironments and differenti-
ate into either M1 (pro-inflammatory) or M2 (anti-inflammatory)
phenotypes, each with distinct functions that influence bone
repair.[43,44] M1 macrophages release several pro-inflammatory
cytokines (e.g., TNF-𝛼, IL-6, and IL-1𝛽), which can instigate os-
teoclast activity, cause bone resorption, promote fibrous capsule
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Figure 6. Molecular mechanism study of immune response. Pearson correlation of the groups (a). Volcano plot of differentially expressed genes (DEGs)
of Ti-PdHx vs. Ti (b) and corresponding DEG amounts (c). Analysis of enriched DEGs using Gene Ontology (GO) (d) or Kyoto Encyclopedia of Genes
and Genomes (KEGG) (e). Gene set enrichment analysis of the regulated gene pathways with the KEGG and Genomes database (f–h). Heat maps of
NOD-like receptor signaling pathway-related DEGs (i). Protein expression in bone marrow-derived macrophages (BMDMs) cultured on Ti and Ti-PdHx
surfaces (j). Schematic illustration of Ti-PdHx samples regulating immune responses (k).
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Figure 7. Immunomodulatory osteogenesis evaluation of Ti, Ti-Pd, and Ti-PdHx. In vitro tests: schematic diagram of the culture process of immune-
regulated osteoblasts (a); quantitative and qualitative results of ALP activity (b,c) and matrix mineralization activity (d,e); and expression of osteogenesis-
related genes, including Runx2, ALP, COL1, and OCN (f). In vivo tests: 3D reconstruction images of micro-computed tomography (CT) results (g);
calculated bone volume/tissue volume (BV/TV) values (h) and Tb.N values (i); Van Gieson stain and osteopontin immunostaining (j).

formation, and impede new bone integration. In contrast, M2
macrophages secrete factors (such as IL-10, TGF-𝛽, VEGF, and
BMP-2) that foster osteogenesis and angiogenesis, shape the os-
teoimmune microenvironment, reduce fibrous capsule forma-
tion, and promote anti-inflammatory and osteogenic/angiogenic
responses.[45,46]

To elicit varying degrees of macrophage polarization and cy-
tokine secretion, macrophages were cultured on the surface of
samples and the resulting conditioned medium was used to in-
cubate stem cells (Figure 7a). Subsequent analysis of alkaline

phosphatase (ALP) activity and extracellular matrix (ECM) min-
eralization provided both quantitative and qualitative data, as de-
picted in Figure 7b–e. Representative ALP staining and mineral-
ized nodule images suggested an osteogenic activity trend of Ti-
PdHx > Ti-Pd > Ti. The congruent quantitative data corroborated
this observation. After 7 and 14 days of culture, osteogenesis-
related gene expressions of Runx2, ALP, COL1, and OCN were
measured via RT-PCR, with the highest levels detected in the Ti-
PdHx group at both time points (Figure 7f). Despite no significant
difference in ALPL gene expression amongst the groups on day 7,

Adv. Mater. 2024, 36, 2404485 2404485 (12 of 16) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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by day 14, these genes exhibited the most pronounced expression
in the Ti-PdHx group.

An in vivo bone-implantation model investigated the os-
teointegration of different implants. Newly formed bone re-
construction around the implants was visualized in Figure 7g,
while Figure 7h,i displays the bone volume-to-tissue volume
(BV/TV) ratio and trabecular number (Tb.N) values. The Ti-
PdHx group demonstrated the highest new bone formation
compared to the others, as evidenced by the substantial Van
Gieson (VG) staining shown in Figure 7j, indicating pronounced
bone growth around Ti-PdHx samples. Additionally, opulent
osteopontin (OPN)-positive regions encircled the Ti-PdHx im-
plants. Taken together, these findings underscore the superior
osteogenic and osteointegrative potential of the Ti-PdHx implant
in vivo.

3. Conclusion

In summary, we fabricated the PdHx film using ion sputtering
and immersion treatment under H2 gas flow, which showcased
multiple biological functions through various biological path-
ways, thereby improving the clinical significance of this modi-
fied implant surface for orthopedic applications. The PdHx lat-
tice can capture protons in the extracellular microenvironment
of bacteria and disrupt their normal physiological metabolic ac-
tivities, including ATP synthesis, nutrient co-transport, and ox-
idative stress, leading to bacterial death. Transcriptome sequence
analysis of the bacteria revealed an increase in oxidation- and
reduction-related activities, while ATP-related and nutrient trans-
port activities were suppressed, suggesting that oxidative dam-
age, energy generation dysfunction, and nutrient deficiency are
the primary antibacterial mechanisms of the PdHx film. More-
over, the PdHx film can regulate ROS both extracellularly and
intracellularly through enzyme catalysis and hydrogen release,
thereby reshaping the osteogenic immune microenvironment to-
ward enhanced osteogenesis. Transcriptome sequence analysis
of BMDMs indicated that the downregulation of the NOD-like
receptor signaling pathway plays a crucial role in activating im-
mune cells to undergo M2 phenotype polarization, thus promot-
ing bone tissue repair.

4. Experimental Section
Sample Preparation: The PdHx film was prepared by a two-step

method. Pd film was fabricated on Ti substrate by using magnetron sput-
tering (denoted as Ti-Pd), and then H2 was loaded on Pd film by immers-
ing in Hydrogen gas flow for 6 h at temperature (denoted as Ti-PdHx).

Surface Characterization: The surface and cross-sectional topogra-
phies of samples were characterized by scanning electron microscopy (S-
3400N, HITACHI, Japan). The chemical compositions of samples were in-
vestigated by energy dispersive spectrometry (IXRF-550i, IXRF SYSTEMS,
USA). The crystal phase was measured by X-ray diffraction (D2PHASE,
BRUKER, USA). The surface chemical state was investigated by XPS (RBD
upgraded PHI-5000C ESCA system, USA). The focus ion beam technique
and TEM (FEI Tecnai G2 20 S; EMU) were conducted to investigate the
lattice images and crystal structure of the samples.

Water Contact Angle: The water contact angles of the samples were
detected by a contact angle measurement (SL200B, Solon, china) by drop-
ping a water droplet with a volume of 2 μL.

Corrosion Resistance: Tafel polarization curves were tested using an
electrochemical workstation (CH1760C) at a scan rate of 10 mV s−1 from
−2 to 0 V.

H2 Release Measurement: The ability of Ti-PdHx to release H2 was
demonstrated by using DPPH• (Sigma) as an H2 probe due to its strong
oxidability. In detail, DPPH• was dissolved in anhydrous ethanol at a con-
centration of 200 μm. Then, 1 mL DPPH• ethanol solution was incubated
with Ti-Pd and Ti-PdHx at 37 °C. After various incubated times (0, 1, 2,
3, 7, 9, 23, and 33 h), 200 μL reactive solution was extracted to measure
the absorbance at 517 nm. H2 release was calculated as the following
formula:

H2release(%) =

(
AoTi−Pd − AoTi−PdHx

)

(
Ap − An

) × 100% (3)

where, Ao, An, and Ap are the absorbance of the treated samples (Ti-Pd and
Ti-PdHx), negative control (without DPPH•), and positive control (without
samples), respectively.

Sod-Like Activity Assays (O2
− Scavenging Assays): The SOD-like activ-

ities of samples were evaluated by total superoxide dismutase assay kit
with Tetrazolium salt-2-[2-methoxy-4-nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-
disulfophenyl]-2H-tetrazolium (WST-8, Beyotime, Shanghai, China) ac-
cording to the manufacturer’s instructions. Various samples (Ti, Ti-Pd,
and Ti-PdHx) were added to the working solution. The absorbance at
450 nm and UV–vis spectra were measured using a multi-functional mi-
croplate reader (Cytation5, BioTec, USA) after standing for 30 min. O2

•−

elimination was calculated as the following formula:

O∙−
2 elimination(%) = Inhibition percentage(%) =

(
Bp − Bo

)
(
Bp − Bn

) × 100%(4)

where, Bo, Bn, and Bp are the absorbance of the treated samples (Ti, Ti-
Pd, and Ti-PdHx), negative control (buffers), and positive control (without
samples), respectively.

Cat-Like Activity Assays (H2O2 Scavenging Assays): The CAT-like ac-
tivities of samples were determined by Ti(SO4)2 chromogenic measure-
ments, which could evaluate the H2O2 consumption of samples. Ti, Ti-
Pd, and Ti-PdHx were incubated in 1 mL PBS buffers at 37 °C with 5 mm
H2O2. After reacted for 12 h, 200 μL of the working solution was mixed
with 20 μL of 1% Ti(SO4)2 for 5 min absolutely. Then the absorbance of
the mixture solution at 𝜆 = 405 nm and UV–vis spectra was measured by
a multi-functional microplate reader. H2O2 elimination was calculated as
the following formula:

H2O2 elimination (%) =

(
Cp − Co

)
(
Cp − Cn

)×100% (5)

where, Co, Cn, and Cp are the absorbance of the treated samples (Ti, Ti-Pd,
and Ti-PdHx), negative control (without Ti(SO4)2), and positive control
(without samples), respectively.

DPPH Scavenging Assays: DPPH• as a typical RNS was used to study
the samples’ RNS scavenging activity. DPPH• (200 μm) dissolved in
ethanol was co-cultured with samples at 37 °C for 6 h. The absorbance at
517 nm and the absorption spectra were measured by a multi-functional
microplate reader. DPPH• elimination was calculated as the following for-
mula:

DPPH elimination(%) =

(
Dp − Do

)
(
Dp − Dn

)×100% (6)

where, Do, Dn, and Dp are the absorbance of the treated samples (Ti, Ti-
Pd, and Ti-PdHx), negative control (without DPPH•), and positive control
(without samples), respectively.
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Bacterial Culture and Cell Activity Tests: Gram-positive S. aureus was
used to evaluate the antibacterial activities of the various samples. S. au-
reus solution (50 μL) with a concentration of 107 CFU mL−1 was seeded in
the surface of Ti, Ti-Pd, and Ti-PdHx for 24 h. Afterward, all samples were
transferred into tubes with 4 mL of 0.9 wt.% NaCl solution and dissociated
bacteria. Subsequently, the solutions were diluted 10 times and spread
onto a standard agar culture plate. After 18 h, the bacterial colonies were
obtained and counted. Image J software was used to count the colonies.
The activity of the cells was measured by AlamarBlue assay.

Live/Dead Staining Assay of Bacteria: S. aureus (1 × 107 CFU) was cul-
tured on various samples for 24 h and then washed with PBS for three
times. After that, the bacteria adhered on the sample surfaces were stained
using BBcellProbe N01/PI (Biosen, Shanghai). Afterward, the stained sam-
ples were washed using PBS and the live (green fluorescence)/dead (red
fluorescence) bacteria were observed under a fluorescence microscope.

CTC Staining of Bacteria: 5-cyano-2,3-ditolyl Tetrazolium Chloride
(CTC) staining was employed to observe changes in the mitochondrial
membrane potential of S. aureus after treating Ti, Ti-Pd, and Ti-PdHx
(n = 3). After incubated at 37 °C for 12 h, 1 mL of normal salt was added
to rinse samples twice. Then, CTC staining working solution (500 μL) was
put into the bacteria and incubated at 37 °C for 30 min. Subsequently, the
supernatant was removed and the sample with bacteria was washed using
a CTC staining buffer. Fluorescence images were recorded by fluorescence
microscope.

ATP Level Detection: The Enhanced ATP Assay Kit (Beyotime, China)
was used to evaluate the level of ATP expression in bacteria. S. aureus liq-
uid (50 μL; OD600nm = 0.2) was seeded in the surface of Ti, Ti-Pd, and
Ti-PdHx (n = 3). After incubated at 37 °C for 10 h, the sample was trans-
ferred to a centrifuge tube containing 1 mL physiological saline and con-
tinue vortexed for 30 s to collect bacteria. Extractions of the ATP production
in bacterial cells were done complying with the kit instruction, the fluores-
cence intensity was measured by a luminometer on the multi-functional
microplate reader. The ATP concentration of the samples was obtained
according to the standard curve.

In Vitro ROS Detection: S. aureus (1 × 107 CFU) was cultured on var-
ious samples for 6 h. After washed with PBS, the bacteria on the sam-
ple surfaces were stained with BBoxiProbe O12 solution (BBestbio) for
30 min. The stained bacteria were washed using PBS and observed under
the fluorescence microscope.

RNA Sequence Analysis of S. aureus: S. aureus (1 × 107 CFU) was cul-
tured on various samples for 6 h. Then S. aureus was collected to extract
the total RNA using TRIzol reagent (Invitrogen, CA, USA). RNA sequenc-
ing was performed via the HiSeq 4000 SBS Kit (300 cycles; Illumina, CA,
USA). Data analysis was performed by FastqStat.jar (v0.11.4) and RSeQC
(v2.6.4). Gene Ontology (http://www.geneontology.org) and Kyoto Ency-
clopedia of Genes and Genome (http://www.genome.jp/kegg/) were used
to analyze the gene functions.

In Vivo Antibacterial Evaluation: All the animals used in this study were
purchased from the Medical Experimental Animal Center of Guangdong
Province and the experiments were authorized by the Animal Ethics Com-
mittee of Guangdong Provincial People’s Hospital (KY-Q-2021-236-0). In
prior of the surgery, the implants (Φ 2 × 4 mm) were immersed in 600 μL
of S. aureus (1 × 106 CFU mL−1) for 15 min and then rinsed twice with PBS.
Eighteen Sprague–Dawley rats (male, 8 weeks old) were anesthetized. The
femoral condyles of both sides were exposed, and then holes with a diam-
eter of 2 mm were drilled vertically to the femoral shaft. Each hole was im-
planted with one specimen. After 1 and 4 days of the surgery, the implants
were collected and rolled over the agar plates. In addition, the femoral
condyles were fixed, decalcified, dehydrated, embedded, sliced, and finally
stained with H&E and Giemsa.

Real-Time Polymerase Chain Reaction (RT-PCR): BMDMs were iso-
lated from the femurs and tibia of C57BL mice. The culture medium was
1640 medium (RPMI-1640; Gibco, USA) supplemented with FBS (10%)
and granulocyte-macrophage colony-stimulating factor (Peprotech, USA).

After BMDMs (5 × 104) were seeded onto various samples for 3 days,
RNA in the cells was extracted using E.Z.N.A. Total RNA Kit (Omega Bio-
Tek, USA), and then reversely transcribed into cDNA using TransScript
First-Strand cDNA Synthesis SuperMix Kit (TransGen, Biotech, China).

The cDNA was analyzed on the Bio-Rad CFX 96 RealTime System using
a mixture of SYBR Green Realtime PCR Master Mix (Transgen Biotech,
China). The expression of M1-related genes, including nitric oxide syn-
thase (iNOS) and tumor necrosis factor 𝛼 (TNF-𝛼) and interleukin 6 (IL-6),
and M2-related genes, including CD206, interleukin 10 (IL-10) and auxin-
regulated gene (Arg), were evaluated, and the corresponding sequences
are shown in Table S1 (Supporting Information). The house-keeping gene
was glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Flow cytometry Analysis: BMDMs (5 × 104) were seeded onto vari-
ous samples. The cells cultured on Ti were simulated with Interleukin 4
(IL-4) and Lipopolysaccharide (LPS) to work as M2-polarization and M1-
polarization control, respectively. After cultured for 3 days, the cells were
gently collected. The collected cells were centrifuged and resuspended in
Dulbecco’s PBS (DPBS) and then incubated with fluorescently labeled pri-
mary monoclonal antibodies, including macrophage phenotype markers
(PC5.5 mouse anti-F4/80, FITC mouse anti-CD11B; BD Biosciences, USA)
and M1 phenotype marker (PC7 mouse anti-CD86; BD Biosciences, USA).
After incubated for 15 min, the cells were washed with staining buffer and
then centrifuged. The cells were then fixed and permeabilized in a fixa-
tion/permeabilization solution, and stained with M2 phenotype marker
(APC mouse anti-CD206; BD Biosciences, USA) for 30 min. Finally, the
cells were washed with Perm/Wash buffer and resuspended in a stain-
ing buffer for flow cytometry using a Beckman flow cytometer (CytoFLEX,
USA). The results were analyzed using FlowJo software.

In Vivo Mouse Air-Pouch Model: Nine Balb/c mice (male, 6 weeks old)
were anesthetized and the hair in the back was shaved. Then, 3 mL of
sterilized air was injected subcutaneously into the back of the mice and
2 mL of sterilized air was injected 4 days later to form stable air pouches.
After another 3 days, the samples were implanted into the pouches. The
tissues covering the implants were collected after 4 days of implantation.
The collected tissues were fixed, embedded, sliced, and finally stained with
hematoxylin-eosin (H&E). In addition, the sliced tissues were also sub-
jected to immunofluorescence staining with CD206 (1 μg mL−1) and iNOS
(1 μg mL−1).

RNA Sequence Analysis of BMDMsdms: BMDMs (1 × 105) were cul-
tured on Ti and Ti-PdHx for 3 days. The total RNA was isolated using TRI-
zol reagent (Invitrogen, USA) and its integrity was assessed using Bioan-
alyzer 2100 (Agilent, CA, USA). The RNA was then purified, fragmented
into small pieces, and reverse-transcribed to cDNA. The cDNA was then
reacted with E. coli DNA polymerase I (NEB, cat.m0209, USA), RNase H
(NEB, cat.m0297, USA) and dUTP Solution (Thermo Fisher, cat. R0133,
USA) to form U-labeled second-stranded DNAs. The blunt ends of each
strand were added with an A-base and then the fragment size was screened
and purified using magnetic beads. Thereafter, the U-labeled second-
stranded DNAs were treatment with UDG enzyme (NEB, cat.m0280, USA)
and then amplified with PCR. The qualified samples were performed the
2 × 150 bp paired-end sequencing (PE150) on an Illumina Novaseq 6000
(LC-Bio Technology CO., Ltd., China) following the vendor’s protocol. The
differentially expressed mRNAs were selected with fold change > 2 or fold
change < 0.5, and p-value < 0.05. Bioinformatic analysis was performed
using the OmicStudio tools at https://www.omicstudio.cn/tool.

Preparation of Macrophage-Conditioned Medium (MCM): BMDMs
(5 × 104) were seeded onto various samples for 3 days, and then the su-
pernatant was collected and centrifuged to remove the suspended cells.
The collected supernatant was added with 10% FBS and osteogenic in-
duction solution (10 mM 𝛽-glycerophosphate, 100 nM dexamethasone,
50 mm ascorbate, and glutamine), and denoted as MCM for the following
experiments.

Alkaline Phosphatase (ALP) Activity: MC3T3-E1 (3× 104) were cultured
in the above MCM for 7 and 14 days. Thereafter, the BCIP/NBT ALP Color
Development Kit (Beyotime Biotechnology, China) was used to stain the
ALP in the cells and then observed using an optical microscope (Olympus,
Japan). Meanwhile, intracellular ALP activity was quantitatively evaluated
using the ALP Assay Kit (Beyotime Biotechnology, China), and the results
were normalized to the total intracellular protein content using the BCA
Protein Assay Kit (Thermofisher Scientific, USA).

Extracellular Matrix (ECM) Mineralization: MC3T3-E1 (3 × 104) were
cultured in the above MCM for 14 days. Thereafter, the cells stained with
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alizarin red (AR; 40 mm, Leagene Biotechnology) and observed using an
optical microscope. The bonded dye was quantitatively analyzed by dis-
solving in 10% cetylpyridinium chloride (Sigma-Aldrich, USA), and the ab-
sorbance of the solution at 620 nm was measured.

Bone-Related Genes Expression: MC3T3-E1 (3 × 104) were cultured
in the above MCM for 7 and 14 days. Thereafter, RNA in the cells was
extracted and then reversely transcribed into cDNA as mentioned be-
fore. The expression of genes, including Runx2, ALP, COLI, and OCN
were evaluated, and the corresponding sequences are shown in Table S1.
The house-keeping gene was glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).

In Vivo Bone Regeneration Evaluation: The implants without bacteria
contamination were implanted into the femoral condyles (n = 6 for each
group) for 8 weeks. The femoral condyles were then scanned using a
Micro-CT analyzer (Inveon Multi-Modality; Siemens Medical Solutions,
Germany). The bone volume percentage (BV/TV) and trabecular number
(Tb.N) values were calculated using VG Studio MAX software, while the 3D
images were reconstructed using Multimodal 3D Visualization (Siemens
Medical Solutions, German) software. Thereafter, the femoral condyles
were fixed, embedded, sliced, and finally stained with Van Gieson’s (VG)
solution and observed under an optical microscope. Meanwhile, some of
the collected femoral condyles were decalcified, dehydrated, embedded,
sliced, and finally stained with OPN.
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the author.
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