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Bacterial infections challenge clinical medicine, and “electrostimulation” and “catalytic therapy” offer novel
antibacterial strategies beyond antibiotics and metal ions. Herein, a bimetallic galvanic cell metasurface
composed of biosafe zirconium (Zr), titanium (Ti), and tantalum (Ta) is fabricated on polymer implants using a
developed plasma modification system (PIII&PHS). The galvanic cell metasurface harbors an asymmetric charge
to modulate electron transfer, and enables “electron beam flow” to surpass the reactivity limits of metals.
Remarkably, the galvanic cell metasurface adeptly modulates electron transfer to reduce the energy supply and
triggers the bacterial reactive oxygen species (ROS) imbalance to cause death. The antibacterial mechanism is
validated, and the universality is demonstrated. Rat osteomyelitis, cranial defect, and rabbit femoral defect
models corroborate the excellent osteointegration ability of the galvanic cell metasurface. The results reveal that
incorporating biosafe bimetallic asymmetric charges into a metasurface is a novel and effective strategy for

designing antibacterial medical materials.

1. Introduction

Bacterial infections on medical implants delay patient recovery and
increase morbidity [1,2]. The ideal implantable devices should have
antibacterial and tissue-repairing capabilities [3-6]. There is an urgent
need to develop a safe strategy to prevent bacterial infections and pro-
mote tissue regeneration [7-9]. Bacteria are prokaryotes without spe-
cific energy-supplying mitochondria. Extramembrane electron transfer
is crucial to bacterial energy metabolism [10,11], because disruption of
electron transfer disturbs the balance of bacterial ROS homeostasis and
damages bacterial vital biomolecules [12,13]. In addition, during bac-
terial respiration, electrons are transferred to extracellular acceptors via
outer membrane c-cytochromes and conductive pili [14,15]. In this
respect, galvanic cells with electronic interference functions constitute a
novel strategy for antibacterial applications [13]. Our previous work
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demonstrates that metal-mediated microcouples can consume protons in
the outer membrane, cut off the bacterial ATP supply, and kill bacteria
[16]. In addition, surface charges can disrupt the bacterial membrane
potential and cause irreversible damage to the membrane structure [17,
18].

Traditionally, metal antibacterial action primarily relies on metal
ions such as Zn, Cu, Ga, and Ag ions [19,20]. These ions have demon-
strated effective performance in eliminating pathogens, thereby allevi-
ating the problem of antibiotic resistance to a certain extent. However,
potential toxicological issues cannot be ignored. Biosafe metals such as
Zr, Ti, and Ta are commonly used in clinical implants due to their
long-term safety [6]. “Asymmetric charge” refers to a situation where
the distribution of charge is not evenly balanced or symmetrical. Charge
distribution in metals is primarily due to free electrons. The electrons
can move freely within the metal, forming an “electron cloud”. Different
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metal surfaces have different surface charge distributions. Constructing
asymmetric charge-distribution structures to achieve an electrical effect
on antibacteria is possible in Zr, Ti, and Ta. However, as favored clinical
implant materials, Zr, Ti, and Ta lack antibacterial and osteogenic ac-
tivities. Researchers have been dedicated to developing antibacterial
properties in metals such as Zr, Ti, and Ta [21-24]. Asymmetric design
plays a unique role in materials construction [25,26]. For example, Wu
et al. have designed an asymmetric magnesium/molybdenum bimetallic
microelectrode that can continuously release 1 V direct current to
stimulate intestinal tissues and promote extracellular secretion of heal-
ing factors [27]. Additionally, the concept of a metasurface has attracted
research interest [28]. A metasurface is an artificial sheet material with
sub-wavelength, two-dimensional structures engineered to manipulate
electromagnetic waves, even electrons. The metasurface can manipulate
the wavefront of the light by locally controlling its phase, amplitude,
and polarization. Just as metasurfaces can manipulate photons, they can
also potentially control electrons. Actually, the metasurface potentially
subverts the potential distribution determined by the inherent proper-
ties and arrangements of microscopic particles in the materials, conse-
quently fostering the physical regulation of electron transport.
Therefore, combining bimetallic galvanic cells with a metasurface can
enhance the metal catalytic activity.

Polymer materials such as

polyetheretherketone (PEEK),
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polyetherketone (PEKK), and polyarylsulfone (PASF) have good
biocompatibility and chemical stability and do not dissolve or leach
harmful materials in the body [29]. PEEK was approved for use in
humans by the Food and Drug Administration in 1998 and is widely used
in orthopedics and craniofacial surgery [30]. However, bacterial in-
fections triggered by the lack of antibacterial activity can cause implant
failure. Therefore, it is crucial to endow PEEK and other polymer im-
plants with antibacterial properties and promote tissue repair [31,32].
However, the significant chemical inertness of polymers presents chal-
lenges to surface activation. Although it is common practice to employ
concentrated sulfuric acid to modify the surface [33]. There are still no
antibacterial polymer implants with real clinical applications. The
challenge is to consider the sometimes conflicting issues of antibacterial
function and biosafety.

In this work, a bimetallic galvanic cell metasurface (GCMS) is
fabricated on seven types of polymers by plasma immersion ion im-
plantation (PIII) and plasma homopolar sputtering (PHS) modification
(Fig. 1). PIII and PHS were integrated into plasma system (PIII&PHS),
effectively improving production efficiency and yield. The metasurface
design overcomes the challenge of low electroactivity in bimetallic
galvanic cells and regulates electron transport. The GCMS exhibits
broad-spectrum sterilization by interfering with bacterial metabolism
and ROS balance through electron cycling. Meanwhile, the surface

Fig. 1. Schematic diagram of GCMS for sterilization and bone repair. The PIII&PHS technique is developed to construct nanopillar array films on PEEK. The
nanopillar arrays exhibit parallel galvanic cell properties to effectively electroshock sterilization and induce osseointegration.



S. Guan et al.

electroactive microenvironment positively regulates bone tissues [34,
35]. Bone defect models of rats and rabbits and femoral defect models
highlight the clinical translation potential of the Zr/Ti bimetallic GCMS.
The antibacterial mechanism of the GCMS is validated using various
randomized bimetallic combinations, including Ti, Zr, Ta, Fe, and Cu, to
demonstrate the universality.

2. Results and discussion
2.1. Construction of galvanic cell metasurface

Vacuum ion coating is a complex process that combines arc
discharge, ion sputtering, ion deposition, and ion implantation. The PIII
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process is often plagued by sputtering of contaminants in the vacuum
chamber, such as the sample holder, and shielding is frequently imple-
mented to mitigate secondary deposition [36]. Here, an alternative
approach is adopted by harnessing the capabilities of ion sputtering
deposition while applying a homopolar bias to the target containing the
element to be introduced, resulting in the PHS technology (Fig. 2A). It’s
important to highlight that, in terms of surface modification principles,
PIII and PHS are classified as two distinct technologies: ion implantation
and sputtering deposition, respectively. In this study, PHS was combined
with PIII to form the PIII&PHS modification system, in which energetic
Ar" bombardment was used to attain film growth and etching in a dy-
namic equilibrium. This is suitable for semi-crystalline polymers such as
PEEK, PEKK, PASF, polyamide-imide (PAI), polyetherimide (PEI),

Fig. 2. PIII&PHS modification system and characterization of GCMS. (A) Schematic diagram of the PIII&PHS system. (B) SEM images of PEEK-ZrTi, PEKK-ZrTi,
PASF-ZrTi, PAI-ZrTi, PEI-ZrTi, PPS-ZrTi, and PTFE-ZrTi. The images inset in the upper right are photographs of the sample. (C) AFM image of PEEK-ZrTi surface
topography. HRTEM images, SAED patterns, and mapping of PEEK-Zr (D), and PEEK-ZrTi (E). Line scan image of area line 1 (F) and line 2 (G). (H, I) Element content

of point 1, point 2, point 3, and point 4.
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polyphenylsulfide (PPS), and polytetrafluoroethylene (PTFE) for the
construction of a metasurface with a nanopillar array (Fig. 2B, Fig. S1)
confirmed by both AFM conducted on PEEK-ZrTi and SEM. The nano-
pillars with heights of 50-150 nm are distributed uniformly on the
substrate surface (Fig. 2C). In the future, PIII&PBH may promote the
structure-function integrated modification in flexible fibers and
3D-printed polymers.

The transmission electron microscopy (TEM) image of PEEK-Zr re-
veals a nanospherical surface structure with a 1-3 nm thick PEEK shell
around the core (Fig. 2D), confirming that Zr ions are injected into the
PEEK substrate to form the core-shell structure of PEEK-coated Zr
nanoclusters (Fig. 2D). After the deposition of Ti films on the PEEK-Zr
surface by PHS, PEEK-ZrTi has a nanopillar array structure (Fig. 2-Eq,
Fig. S2). The Ti layer has a dense structure (Fig. 2-E5) with a thickness of
about 50 nm, while the Zr layer consists of a stack of irregular nano-
clusters (Fig. 2-E3). The inner part of the nanopillar array has a “lattice
structure”, and the “gap” between the Zr nanopillars is the PEEK sub-
strate (Fig. 2-E3). The compositional distribution of PEEK-ZrTi clearly
distinguishes the Ti layer outside the nanopillar from the Zr layer inside
(Fig. 2-E4, Fig. S3, Fig. S4). Selected-area electron diffraction (SAED)
shows that PEEK-ZrTi has an amorphous structure (Fig. 2-Eg). Ti is
distributed in the outer layer at 60 nm, while Zr is distributed at
20-70 nm in the nanopillar (Fig. 2F, Fig. 2G). C is found throughout the
nanopillar, and its concentration increases gradually from the outside to
the inside. Positions P1-P4 inside the nanopillar are analyzed for Zr and
C. The dark areas in the HR-TEM image are the Zr clusters, in which the
C content is smaller. The “gap” between Zr clusters is dominated by C
(Fig. 2H), suggesting Zr is present as nanoclusters in the nanopillar and
PEEK around the clusters. The results of between different nanocolumns
support the assessment (Fig. 21I).

2.2. Characterization and growth mechanism

The survey XPS spectra of PEEK, PEEK-Zr, PEEK-Ti, and PEEK-ZrTi
are shown in Fig. S5A. PEEK-ZrTi shows characteristic peaks of C, O,
Ti, and Zr. The Ti 2p (Fig. S5B) and Zr 3d (Fig. S5C) peaks correspond to
TiO4 and ZrO,, respectively. Surface oxidation plays an important role in
surface passivation and protection. The high-resolution spectra of C 1 s
indicate that carbonization occurs (Fig. S5D). XPS depth profiling shows
that PEEK-ZrTi contains Ti and Zr (Fig. 3A, B), with Ti distributed in the
outer layer of the galvanic cell and Zr in the inner layer. It was due to the
high-energy injection of Zr** into PEEK during PIII and the low-energy
deposition of Ti by PHS (Fig. 3A, B, Fig. S6A). The C concentration de-
creases initially and then increases, and the depth profile overlaps that
of Zr from 40 to 240 nm (Fig. S6B).

Although there are apparent nanopillar arrays on PEEK-Zr and PEEK-
Ti, PEEK and PEEK-Ar are relatively flat (Fig. S7). AFM and SEM produce
similar results (Fig. S8A-C). The nanopillar heights show the order of
PEEK-Zr > PEEK-ZrTi > PEEK-Ti (Fig. S8D). In addition, after metalli-
zation of the PEEK surface, the friction, wear properties (Fig. S9), and
elastic modulus (Fig. 3C) improve. The nanopillar structure increases
the surface roughness (Fig. S10) and friction coefficient (Fig. S11),
boding well for mechanical durability. Ion release was determined by
inductively coupled plasma mass spectrometry (ICP-MS, Fig. S12), Zr**
release from PEEK-Zr was higher than that from PEEK-ZrTi in the Tris-
HCl buffer solution. Ti*" release from PEEK-Ti was 0.081 pg mL~! at
28 days. However, the Ti*" release of PEEK-ZrTi was only
0.001 pg mL~}, which may be below the detection limit. The results
indicate that the PHS-deposited Ti films have strong binding and me-
chanical stability. The result is beneficial for the completion of the film
during the bone implantation process.

A good understanding of the growth mechanism of GCMS is impor-
tant. As shown in Fig. 3D, the polymers are mostly semi-crystalline with
amorphous regions (i) [37]. The molecular chains in the amorphous
regions are broken during the Ar-PIII process, forming the carbon-weak
areas of Polymer-Ar (ii). In the M1-PIII process, M1**"is injected into the
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substrate, forming M1 nanoclusters surrounded by an insulating poly-
mer layer. The weak areas of Polymer-M1 are bombarded and depressed,
with crystalline regions remaining to form columnar protrusions (iii). In
the M2-PHS process, the M2 target is sputtered by Ar" and deposited
onto the M1 nanoclusters under a bias voltage to form the
Polymer-M1M2 nanopillar metasurface (iv). As shown in Fig. 3D (v),
polymer samples are insulating and exhibit capacitive properties, which
consume some of the bias potential. During the PHS process, ions are
deposited onto the sample at the bias voltage to form films with superior
mechanical properties compared to those produced by traditional
magnetron sputtering [38].

There are two processes in the plasma sheath, one in which the target
element is deposited onto the sample surface, the other in which the film
is deposited is re-sputtered from the sample:

Qs = ACy(jir —Jis), (@)

where Qs is the deposition rate of the sample surface, j;s and jir represent
the densities of ion flow of the sample and target, respectively, and A and
C are constants. The polymer substrate is an insulator and accumulates a
large amount of charge. At the beginning, jis ~ 0 so Q, is maximum. As
the metal is deposited on the surface, the surface conductivity of the
substrate increases. Therefore, the bias potential V; decreases, and jir >
Jjis decreases Qs. As deposition continues in PHS, jir = jis. At this point,
Qs =0, and metal deposition reaches a dynamic equilibrium versus
sputtering on the sample surface.

As shown in Fig. 3D (v), the gap in the metasurface nanopillar array
resembles a nanotube-like structure with a diameter, d. Q, at the inner
wall of the nanotube is hindered by the potential drop A¢ of pores [39,
40]. Ag can be calculated by:

Ag = ((d/2)/Da)’e, )

where Dy is the critical value of the spacing distance, and A¢ in the pores
implies that the plasma accumulates below the surface of the columnar
protrusions of Polymer-M1. Consequently, the columnar protrusions
become sites for selective deposition. Nanopillars are grown dynami-
cally to form a metasurface with a nanopillar spacing of d/2 < Dq. The
unique advantages of PIII&PHS bode well for the fabrication of the
GCMS. For a complete description, please refer to the supplementary
information “Metasurface growth mechanism.”

Different metals have different charge distributions. The potential
difference formed by the asymmetric charge of the bimetal is the driving
force of the galvanic cell. The potentials of Meta-Zr, Meta-Ti, and Meta-
Ta are —64.60 mV, —55.22 mV, and —48.01 mV, respectively, at a pH of
7.4 (Fig. 3E). The bacterial environment is usually weakly acidic (about
6.0-6.5). The potentials of Meta-Zr, Meta-Ti, and Meta-Ta are
—57.15mV, —41.44 mV, and —39.41 mV, respectively, at a pH of 6.5
(Fig. 3E). There is a significant difference between the plane and met-
asurface potentials composed of Zr, Ti, and Ta, suggesting that the
metasurface can modulate the metal electrode potential (Fig. S13). The
potential of a bimetallic galvanic cell determines the efficiency of elec-
tron transfer. The greater the difference in the electrode potential of the
two metals, the higher the efficiency of electron transfer and the higher
the surface electroactivity. Here, “electroactivity” refers to the surface
electron transfer driven by the asymmetric potential. In a bimetallic
galvanic cell, electrons always flow from the metal with a lower po-
tential to the metal with a higher potential, and this flow of electrons
forms a current. Electrical tests show that the surface of PEEK-ZrTi ex-
hibits a short-range current (Fig. 3F), with corresponding increases in
electric signals at the nanoscale regions (Fig. S14). Still, no long-range
conductivity is observed (Fig. S15). The galvanic cells generate elec-
trical signals, suggesting that the bimetallic GCMS shows a microre-
gional electrical effect. The TMB color development reaction
demonstrated that GCMS can electro-catalytically produce ROS. The
electrocatalytic hydroxyl radical (eOH) oxidizes the colorless TMB to
blue ox-TMB with a significant enhancement in the absorbance
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Fig. 3. Characterization and growth mechanism of GCMS. (A) Ti 2p and (B) Zr 3d XPS spectra at various depths. (C) Nanoelastic modulus of various samples. (D)
Schematic diagrams of the mechanisms of the GCMS. (E) Surface Zeta potential of Meta-Zr, Meta-Ti, and Meta-Ta (Meta means metasurface on substrate). Mono-
metallic metasurfaces constructed using Ar gas assistance. (F) Surface currents of PEEK-ZrTi measured using the four-probe method. (G) EPR spectra demonstrating
the eOH generation of various samples. (H) Diagram of electrocatalysis for GCMS.
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(Fig. S16), demonstrating that GCMS electro-catalytically produces ROS.
EPR shows that the Zr/Ti bimetallic galvanic cell catalyzes the pro-
duction of e¢OH from Hy0, or HyO (Fig. 3G). The GCMS shows one type
of Fenton-like reaction produced by electrons (Fig. 3H) [41]

2.3. Antibacterial properties of galvanic cell metasurface

Fig. 4A illustrates the antibacterial assessment of GCMS, revealing
outstanding antibacterial performance for PEEK-ZrTi, PEKK-ZrTi, PASF-
ZrTi, PAI-ZrTi, PEI-ZrTi, and, PPS-ZrTi. The PEEK-ZrTi, PEKK-ZrTi, and
PASF-ZrTi plates revealed minimal numbers of bacteria. Compared to
PEEK, PEEK-Zr and PEEK-Ti do not show antibacterial effects, suggest-
ing that monometallic nanofilms lacked bactericidal properties
(Fig. S17). The hardness and melting points of various polymer implants
differ, leading to variations in their surface structures, and consequently,
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their antibacterial capabilities. Of these, the PTFE-ZrTi metasurface is
the least pronounced, with its antibacterial ability lagging behind other
polymer implants. The morphology of Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli) on the unmodified substrate is intact, but
S. aureus (Fig. 4B) and E. coli (Fig. 4C) on the GCMS leak many intra-
cellular contents. The antibacterial performance shows that the GCMS
possesses a broad-spectrum antibacterial resistance with an antibacte-
rial rate of 99.99 % (Fig. 4D, E).

To further reveal the electron transfer mechanism of the GCMS, we
explore the effects of bipolar metal potential, polymer diaphragm, and
metasurface parameters on the antibacterial performance. In the bime-
tallic electrodes (Fig. 4F), the two poles of the electrodes are constructed
with the same Zr to form a PEEK-ZrZr metasurface. The loss of anti-
bacterial properties in PEEK-ZrZr demonstrates that the bimetallic
electrode potential is essential for providing antibacterial characteristics

Fig. 4. Antibacterial properties of the galvanic cells metasurface. (A) The photographs of S. aureus colonies for PEEK-ZrTi, PEKK-ZrTi, PASF-ZrTi, PAI-ZrTi, PEI-
ZrTi, PPS-ZrTi, and PTFE-ZrTi GCMS. SEM images of the (B) S. aureus and (C) E. coli with various samples. The corresponding antibacterial efficiency of different
groups for (D) S. aureus and (E) E. coli. (F) The photographs of colonies and SEM images of PEEK-ZrZr. Homogeneous Zr metals were used to construct potential-free
array films, i.e., Zr-PIII composite Zr-PHS. (G) The photographs of colonies and SEM images of PEEK-ZrTi(PHS). Diaphragm-free bimetallic deposition of metasurface.
i.e., Zr-PHS composite Ti-PHS. (H) The photographs of colonies and SEM images of PEEK-ZrTi(No). A bimetallic film without metasurface. i.e., PEEK-ZrTi was

prepared without the Ar-PIII step.
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to the galvanic cell. As for the polymer diaphragm (Fig. 4 G), by
replacing Zr-PIIl with Ti-PHS, the loss of the injection depth of Zr*t
leads to the disappearance of the galvanic cell diaphragm, resulting in a
direct contact between Zr and Ti. The PEEK-ZrTi (PHS) metal electrode
is short-circuited, thereby eliminating the antibacterial properties.
About the metasurface, the biosafe bimetallic Ti, Zr, and Ta show a
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limited potential difference, but the design of the metasurface makes it
possible to amplify the difference (Fig. 4H). The metasurface exhibits an
“electron beam flow” amplification effect through the parallel connec-
tion of multiple galvanic cells. The concept of “electron flow” has a rich
historical background and is extensively utilized in various industrial
processes such as metal forming manufacturing, welding, and coating

Fig. 5. Characterization and antimicrobial universality of galvanic cells metasurface. (A) Schematic illustration for the fabrication of the testing Zr/Ti
bimetallic film, i.e., Zr/Ti bimetallic galvanic cell films on conductor Ta (Ta-ZrTi), semiconductor Si (Si-ZrTi), and insulator PEEK substrates (PEEK-ZrTi). (B)
Antibacterial rates of Ta-ZrTi, Si-ZrTi, and PEEK-ZrTi. (C) Schematic illustration of electron transfer for the bimetallic galvanic cells. (D) SEM images and photo-
graphs of S. aureus colonies of the GCMS with different bimetallics. (E) Random combinations of biosafety metals such as Ti, Zr, Ta, Fe, and Cu were utilized.
Exploration of the generalization of PIII&PHS bimetallic galvanic cells. (F) The corresponding antibacterial efficiency of different bimetallic galvanic cells. (G) PEEK-

TiZr galvanic cell array films were constructed by first Ti-PIIl and then Zr-PHS.
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preparation. Electrons are propelled toward an anode due to the electric
field established by the voltage difference between the cathode and
anode [42,43]. We referred to the concept of “electron beam” and
defined it as the “electron beam flow” effect based on the metasurface
characteristics. The metasurface is structured as an array of nanopillars,
each functioning as a bimetallic galvanic cell with a defined potential
distribution. This structure facilitates unidirectional electron movement
within each nanopillar. Consequently, the array of nanopillars operates
akin to a parallel grouping of galvanic cells, thereby enhancing the
current. Analogous to a light beam composed of photons traveling
coherently in one direction, an electron beam flow comprises a stream of
electrons moving uniformly toward a specific direction. Without the
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metasurface, the PEEK-ZrTi (No) bimetallic galvanic cell loses its effi-
cient electrocatalytic activity and cannot kill bacteria effectively. The
application of metasurface regulation of electroactive mechanisms in
antibacterial applications is the focus of this article. Metasurface may
have important implications in surface sensing and electro-catalysis
fields.

The electron transfer process is noticeably affected by the conduc-
tivity of the substrate. Especially, for two-dimensional structures like
metasurfaces, the effect of electron transfer at the interface between the
surface and the substrate is more pronounced. Different conductivity
substrates such as Ta, silicon (Si), and PEEK are selected to construct the
Ta-ZrTi, Si-ZrTi, and PEEK-ZrTi galvanic cell films shown in Fig. 5A. The

Fig. 6. Antibacterial mechanism of the galvanic cells metasurface. ROS levels of (A) S. aureus and (B) E. coli. (C) Extracellular protein and (D) ATP content of
S. aureus for various samples. (E) Volcano plot of transcriptomic analysis of differentially expressed genes. n = 3 independent experiments per group. (F) Heatmap
analysis of differentially expressed genes. The range from —1 to + 2 indicates the relative gene expression of PEEK-ZrTi vs control PEEK. (G) Down-regulated and (H)
up-regulated gene ontology (GO) enrichment analysis in PEEK-ZrTi compared with PEEK. (I) Downregulated enriched Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways analysis in PEEK-ZrTi compared with PEEK. (J) Schematic diagram of the antibacterial mechanism of the GCMS.
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antibacterial rates of Ta-ZrTi, Si-ZrTi, and PEEK-ZrTi increase gradually
and are negatively correlated with substrate conductivity (Fig. 5B,
Fig. S18). The lower the substrate conductivity, the less electron transfer
occurs at the interface between the GCMS and the substrate. More
electrons flow unidirectionally to the outer surface to enhance the cat-
alytic effect (Fig. 5C) [5]. This result further verifies the electrocatalytic
mechanism of the galvanic cell.

To investigate the universality of PIII&PHS and practical viability,
five metals (M: Ti, Zr, Ta, Fe, and Cu) are selected to construct the
bimetallic GCMS. As shown in Fig. 5D, the nanopillar metasurface was
formed on PEEK-M1M2. Despite certain differences due to varying
ionization rates and sputtering rates of different metals, all the samples
exhibited significant antibacterial effects. The dead S. aureus cells are
shriveled and wrinkled (Fig. S5E). The corresponding E. coli bactericidal
effect is consistent with that of S. aureus (Fig. S19). The antibacterial
rates of PEEK-ZrFe, PEEK-ZrTa, PEEK-TaTi, PEEK-TaFe, and PEEK-CuFe
are over 99.13 % for E. coli and S. aureus, respectively (Fig. 5F). The
positive and negative electrodes of the exchanged galvanic cells are
tested for antibacterial properties. The results demonstrate that the
GCMS, with the exchange of bimetal internal and external orders, re-
tains the antibacterial action (Fig. 5G). Therefore, the antibacterial
mechanism of the bimetallic GCMS based on PIII&PHS is universal,
which is difficult to achieve with existing technologies and has not been
reported.

2.4. Osteomyelitis model to assess antibacterial resistance

ROS are common signaling molecules in cells, primarily produced by
the respiratory chain, that stably transfer electrons to O,. Changes in
ROS production rates during oxidative stress lead to elevated levels of
intracellular ROS, which can be lethal to bacteria [44]. Bacteria cultured
on GCMS show significantly elevated intracellular ROS for S. aureus
(Fig. 6A) and E. coli (Fig. 6B), disruption of bacterial bacteriophage
membranes, and leakage of large amounts of intracellular proteins
(Fig. 6C). In addition, the galvanic cell effect disrupts the bacterial en-
ergy transfer chain and the blockage of ATP synthesis (Fig. 6D).

To further explore the antibacterial mechanism, whole tran-
scriptome RNA sequencing is performed. There are 20.56 and 20.82
million clean reads for PEEK and PEEK-ZrTi, respectively, and 94.82 %
and 94.90 % of clean reads are mapped, respectively (Table S1). There
are 59 up-regulated and 100 down-regulated genes in PEEK-ZrTi
compared to the PEEK group, indicating the relatively high cellular
response of the PEEK-ZrTi group (Fig. 6E). The related gene expression
of signaling pathways is shown in Fig. 4F. There are significant differ-
ences in PEEK and PEEK-ZrTi. Subsequently, a Gene Ontology (GO)
enrichment analysis is carried out. Fig. 6G and H illustrate that the
down-regulated genes are primarily concentrated in the energy meta-
bolic process (hexose metabolic process, peptidoglycan muralytic ac-
tivity, glucose metabolic process, organic substance catabolic process,
and monosaccharide metabolic process). In contrast, up-regulated genes
are mainly enriched in the enzymatic activity (glutamate synthase ac-
tivity, NAD(P)H as acceptor, glutamate synthase activity, glutamate
synthase (NADPH) activity, glutamate synthase activity, NAD(P)H as
acceptor, oxidoreductase activity, acting on the CH-NH2 group of do-
nors). S. aureus infection, mineral absorption, nitrogen metabolism, and
so on were up-regulated (Fig. S20), while glycolysis/Gluconeogenesis,
pyruvate metabolism, carotenoid biosynthesis, and so on were down-
regulated (Fig. 6I). The related gene expression of the above signaling
pathways is shown in Fig. S21. The antibacterial mechanism is shown in
Fig. 6J, in which the GCMS consists of parallel galvanic cell units, cur-
rent satisfies I total = I1 4 I2 + I3 4 eee. Cells are connected in parallel
to enhance the current by utilizing the “electron beam flow” effect. The
external circuit creates a microenvironment for electrocatalytic ROS
activation, which disrupts the bacteria’s intra/extracellular redox bal-
ance. Bacteria complete aerobic respiration through electron transfer
across the cell membrane, which transfers electrons to oxygen through
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some membrane-bound proteins [14,45,46]. The potential difference of
surface disrupts bacterial extramembrane electron transfer, enabling
direct electron exchange with the adherent bacterium. This interruption
blocks proton translocation and halts ATP synthesis in the bacteria.
Electron transfer has the potential to deplete protons in the outer
membrane, leading to the disruption of the ATP supply in bacteria, and
effectively causing bacterial death. As such, surface charges can disrupt
bacterial membrane potential, inflicting irreversible damage to the
membrane structure.

The Zr/Ti bimetallic galvanic cells and PEEK are selected for animal
trials (Fig. 7A). Just two days post-implantation, S. aureus colonies were
nearly absent from the Zr/Ti bimetallic galvanic cell surface (Fig. 7B), in
stark contrast to the abundant colonies of other surfaces. The antibac-
terial rate of PEEK-ZrTi GCMS is 98.35 % (Fig. 7C). Giemsa staining
reveals the absence of infected tissue in the PEEK-ZrTi group (Fig. 7D),
and infiltrated bacteria are observed from the remaining groups (yellow
arrows). Hematoxylin-eosin (HE) staining further confirms the absence
of significant inflammatory infiltration around the PEEK-ZrTi implant
(Fig. 7E). Micro-CT reconstruction modeling visualizes the considerable
benefit of PEEK-ZrTi in improving the infection microenvironment to
promote new bone generation (Fig. 7F). The bone volume/total volume
(BV/TV) (Fig. 7G) and bone density (Fig. S22) indicate that the GCMS
can eliminate the harmful effects of the infected microenvironment,
resulting in a greater quantity of new bone formation. Moreover, het-
eromorphic devices featuring a metasurface galvanic cell were fabri-
cated, exhibiting impressive antibacterial properties. The galvanic cell
metasurface of PEEK-based (Fig. 7H) screws and (Fig. 71) intervertebral
cages has attractive antibacterial properties. PIII&PHS will be used for
structure-function modification in electronic packages, flexible fibers,
and 3D-printed polymers.

2.5. Osteogenic evaluation in vitro and in vivo

Cells on PEEK-ZrTi spread from spherical to filamentous pseudopods,
adhering closely to the surface and eventually flattening into plate-like
pseudopods (Fig. 8A). Cell spreading areas of PEEK-ZrTi gradually in-
crease with culture time, and are higher than other samples (Fig. S23).
Cytoskeletal staining further demonstrated that PEEK-ZrTi induced
initial cell adhesion and spreading (Fig. S24). In addition, PEEK-ZrTi
induces collagen secretion from stem cells and promotes extracellular
matrix mineralization (Fig. 8B, Fig. S25). Alkaline phosphatase expres-
sion (ALP) is a marker of osteogenic differentiation. At 7 days, PEEK-
ZrTi has the highest expression of ALP. At 14 days, PEEK-Zr explained
the best ALP due to the osteogenic effect of the Zr element. However,
PEEK-ZrTi was still significantly higher than PEEK and PEEK-Ti
(Fig. S26). In contrast, cells retain the hemispherical morphology on
the PEEK surface over time. The cell proliferation on the Zr/Ti bimetallic
film is significantly higher than that of the monometallic metal films on
Zr or Ti. However, monometallic films also have some pro-proliferation
effects (Fig. 8C). At 1 day, the proliferation ratios of PEEK-Zr, PEEK-Ti,
and PEEK-ZrTi were 55.42 %, 58.48 %, and 97.06 %, respectively
(Fig. S27). In the gene analysis, the expression of ALP, BMP-2, and COL-
1 genes in the PEEK-ZrTi group is significantly up-regulated (Fig. 8D).
The osteogenic mechanism of GCMS involves rapid cell adhesion and
proliferation on the surface due to the electroactive microenvironment
(Fig. 8E) so the osteogenesis-related genes ALP, BMP-2, COL-1, and OCN
expression are stimulated. PEEK-Zr has the highest expression of oste-
ogenic genes, this is due to the Zr element itself having excellent oste-
ogenic properties.

The immune response is the first physiological response initiated
after foreign body implantation, and the immunoinflammatory proper-
ties contribute to creating a beneficial microenvironment. Compared to
PEEK, the expression of the IL-10 gene, which is related to inflammation,
significantly differed in the Zr/Ti bimetallic galvanic cell. However,
there was no significant change in the expression of the IL-4 gene in
PEEK-ZrTi. It suggests that galvanic cell metasurface can regulate



S. Guan et al.

Materials Science & Engineering R 163 (2025) 100929

Fig. 7. Antibacterial properties of the galvanic cells metasurface in vivo. (A) Schematic diagram of the antibacterial model in vivo. The osteomyelitis model was
used to evaluate osteointegration in the microenvironment of infection. (B) Photographs of colonies of S. aureus and (C) Corresponding antibacterial rate. (D) Giemsa
staining and (E) H&E staining images of the bone tissues of the tibia around implants. The yellow arrows represent the bacteria. (F) 3D reconstruction images of the
implants and newly formed bone around the implants. (G) Quantitative analysis of BV/TV based on micro-CT scanning. Photographs of colonies of S. aureus for (H)

screws and (I) intervertebral cages with and without Zr/Ti GCMS.

inflammatory gene expressions (Fig. S28A). Further investigating the
related gene about TLR4-MyD88-TRAF6-NF-kB1 signaling pathway of
TNF-a secretion by macrophages on PEEK-ZrTi. The expression of
MyD88, TRAF6, and NF-kB1 genes on the surface of PEEK-ZrTi signifi-
cantly decreased, while there was no difference observed in TLR4
expression. This result demonstrates that the electroactive microenvi-
ronment had anti-inflammatory effects (Fig. S28A). Immune system
secretions act as essential signaling molecules in osteogenesis. There-
fore, the results of calcium deposition were evaluated using co-culture of
macrophages and BMSCs. “Calcium nodules” formed on the PEEK-ZrTi
bimetallic galvanic cell metasurface (Fig. S28B) and were markedly
enhanced by modulating macrophage secretions (Fig. S28C). In
conclusion, the electroactive microenvironment of the bimetallic
galvanic cell was involved in regulating immune behavior.

The rat cranial defect model is used to evaluate the in vivo osseoin-
tegration of PEEK-ZrTi (Fig. 8F). The micro-CT of the skull 8 weeks
shows that the cranial defect site was sealed in the PEEK-ZrTi group
compared with PEEK (Fig. 8G). The percentages of bone volume were
20.82 % and 16.35 % for PEEK-ZrTi and PEEK implants, respectively.
The bone trabecular densities of PEEK-ZrTi improved by 44.19 % than
PEEK implants, respectively. This result significantly enhanced bone
ingrowth on the surface of indicated PEEK-ZrTi galvanic cells. Similarly,
the neoplastic bone contact area of PEEK-ZrTi also improved markedly
(Fig. 8H). Sequential fluorescent labeling results illustrate that the
PEEK-ZrTi group had a significant osteoinductive effect (Fig. $29). The
osseointegration performance of PEEK-ZrTi GCMS is further evaluated
in the tibial plateau of New Zealand white rabbits (Fig. 8I). The rabbit
tibia is a weight-bearing bone, which is conducive to evaluating the
potential application of PEEK-ZrTi film in weight-bearing bone defects.
The mean torsional force of the PEEK-ZrTi was 150 Nemm, and about

10

three times of that the PEEK group (50 Nemm) (Fig. 8J, Fig. S30A).
Tripling the torque provides a significant advantage over the reported
data [47,48]. This expounds that PEEK-ZrTi had a stronger one with the
new bone interface. The micro-CT of the PEEK-ZrTi implant pointed out
more new bone ingrowth than the PEEK implant (Fig. 8K). Quantitative
analyses of both BV/TV were 12.28 % and 8.41 %, respectively
(Fig. 8L). BS/TV also demonstrates the significant enhancement of
osseointegration in the PEEK-ZrTi group (Fig. S30B). Van Gieson (VG)
staining of rabbit femur shows that PEEK-ZrTi was tightly integrated
with the surrounding bone tissues without fibrous tissue encapsulation
(Fig. 8M). Based on the bone defect model and in vitro evaluation, the
osteointegration capability of PEEK-ZrTi benefits from the electroactive
surface and Zr element, inducing cell proliferation, osteogenic differ-
entiation, and calcium deposition. Currently, many surface modification
techniques for implants are not suitable for clinical polyhedron devices,
making mass production challenging. It is expected that the GCMS
implant can be commercialized for the mass production of heteroge-
neous devices, including intervertebral cage implants (Fig. 8N).

3. Conclusions

In summary, a bimetallic galvanic cell metasurface is fabricated by
PIII&PHS on bio-polymers. Clinical-grade biosafe metals, Zr, Ti, and Ta
exhibit pervasive surface electromobility. The galvanic cells are inter-
connected in parallel with the metasurface to achieve the “electron
beam flow” effect. Bacteria adhere to the galvanic cell metasurface,
where electrocatalysis produces up-regulation microenvironment ROS
and disrupts the bacterial redox balance. The electron transfer between
the bacterial membrane and the galvanic cells blocks proton trans-
membrane transport and ATP synthesis. Simultaneously, the
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Fig. 8. The osteogenic properties of GCMS in vitro and in vivo. (A) BMSCs SEM morphology of various samples for 0.5, 1, 4, and 24 h. (B) Quantitative result of
collagen (COL) and extracellular matrix mineralization (ECM). (C) Cell cultured on various samples proliferation, according to the alamarBlue assay. (D)
Osteogenesis-related gene expression levels of BMSCs on various samples. (E) Schematic diagram of the mechanism of osteogenesis. (F) 3D micro-CT image of cranial
defects generated in a rat model. (G) 3D Micro-CT images showing the radiological analysis of bone samples. (H) Quantitative analysis results of bone versus tissue
volume (BV/TV), number of bone trabeculae, and bone surface density in a rat model. (I) Schematic diagram of the osseointegration for New Zealand rabbit. (J) The
torsional force of the implants. (K) 3D micro-CT image of femoral defects generated in a rabbit model. (L) Quantitative analysis of BV/TV based on micro-CT
scanning. (M) VG staining images of the bone tissues of the tibia samples 12 weeks after implantation. (N) Batch preparation of GCMS modification products
based on PIII&PHS on commercial intervertebral cages. * : Compare with the PEEK group. Data represent means + SD. Statistical significance was calculated by one-
way ANOVA analysis. *p < 0.05; * *p < 0.01; * **p < 0.001.

electroactive microenvironment boosts the functionality of stem cells, 4. Materials and methods

indicating that the Zr/Ti galvanic cell metasurface holds potential as a

bone substitute in rat and rabbit models. The galvanic cell metasurface 4.1. Preparation of galvanic cell metasurface

implant is verified for the mass production of clinical devices. This study

combines metamaterials innovation with the breakthrough of the elec- Medical PEEK materials were purchased from Jiangsu Junhua
trochemical potential limits of bimetallic for the construction of highly Company and processed into discs with @ 12.5 mm x 1 mm and cylin-
biosafe metals. ders with ® 2 mm x 8 mm. PEEK was polished and cleaned three times

with acetone, alcohol, and ultrapure water, respectively.
The samples were placed in the PIII&PHS vacuum chamber. Zr PIII
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was conducted using pulsed zirconium cathodic arc sources. Details of
the treatment process are described in Table 1. The PHS technique is a
joint surface nanosizing system that we developed based on PIII and the
bipolar bias deposition technique proposed by Olbrich et al. [49] in
1991. Briefly, we enlarged the sample stage and added a bias power
supply to serve as the sample stage for PIII and the target for PHS,
respectively. After the completion of PIII, the sample stage changed its
role and acted as the target for PHS (which can be changed arbitrarily
according to the need for nanosizing). At this time, the bias voltage
applied to the target (sample stage) led to the deposition of metal ions
from the target by Ar ion sputtering onto the sample surface.

The combined system of PHS and PIII realizes the whole process of
vacuum surface treatment, in addition to cleverly transforming the
problem of contamination of the target material in the plasma coating
into a highly efficient coating technology. This is a technical contribu-
tion to “turning waste into treasure”. PHS was performed using Ar ion
sputtering. Details of the treatment process are described in Table 2. Zr
ion implanted PEEK, Ti deposited PEEK, and parallel Zr implanted and
Ti deposited PEEK are labeled PEEK-Zr, PEEK-Ti, and PEEK-ZrTi,
respectively. Arc sources of PIII and the target of PHS can be changed
by the metals (M). The corresponding samples were named Substrate-
M1M2. In particular, we popularized the PIII&PHS system for the sur-
face nanosizing of PEKK, PASF, PAI, PEI, PTFE, and PPS substrates. The
corresponding specimens were PEKK-ZrTi, PASF-ZrTi, PAI-ZrTi, PEI-
ZrTi, PTFE-ZrTi and PPS-ZrTi.

To verify the surface properties of single metals in the presence of a
metasurface, we took full advantage of the controllability of the
PIII&PHS. Metal-PIII was replaced with Ar-PIII to achieve the metasur-
face with single metals. The monometallic metasurface samples were
marked Meta-M (Meta-Zr, Meta-Ti, and Meta-Ta).

4.2. Materials characterization

Scanning electron microscopy (SEM) was performed on the SU8220
(HITACHI, Japan). Transmission electron microscopy (TEM) and
elemental mapping were carried out by JEM-F200 (JEOL, Japan). The
chemical composition and phases were examined by X-ray photoelec-
tron spectroscopy (XPS, PHI-5000C ESCA System PerkinElmer, USA)
and PANalytical X-ray diffractometer (XRD, D2 PHASER, Bruker, Ger-
many). Inductively coupled plasma mass spectrometry determined the
amounts of released ions (X Series 2, Thermofisher, USA). The surface
wettability was measured by the contact angle (Automatic Contact
Angle Meter Model SL200B, Solon, China). Electron paramagnetic
resonance spectrometer (EPR, Bruker, A300X-band, USA) was used to
identify the species of ROS. The Zeta potentials were measured by a
surpass electrokinetic analyzer (SurPASS, Anton Paar, Austria). A
multifunctional surface property tester (MFT-4000, China) was
employed to analyze the friction and wear characteristics. The surface
elastic modulus of the samples was tested using a Nanoindenter (Nano
Indenter G200, Agilent, USA). The surface morphology and roughness of
the films were characterized by AFM (Multimode 8, Bruker, Germany).

4.3. Electrical properties of galvanic cell metasurface

The four-probe method was investigated to test the surface current of

Table 1
Main conditions for Zr PIIL

Parameters Description

Cathode source 99.99 % pure Zr

Voltage pulse duration (ps) 500
Pulsing frequency (Hz) 5
Voltage (kV) -30
Time (min) 60
Pressure (Pa) 5x 1073
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Table 2
Main conditions for Ti PHS.
Parameters Description
Sputtering target 99.99 % pure Ti
RF power (W) 300
Bias voltage(V) 1000
Duty cycle (%) 30
Time (min) 60
Pressure (Pa) 8 x 107!

the films. Briefly, a —4-4 V voltage was transferred to the film surface to
detect the change in surface current. The distance between the elec-
trodes was kept at 10 ym. The c-AFM (NTEGRA, NT-MDT, Russia) test
system was used to examine the electrical properties of film micro-
regions. A square area of 2 pm x 2 pm was selected, and the area cur-
rent was analyzed after applying a voltage of 3 V. As the reaction sub-
strate, TMB can be oxidized to blue ox-TMB by redox reaction, which
will be utilized to evaluate the bimetallic galvanic cell characteristics.
Briefly, samples, TMB (100 pL, 20 mM) and H202 (100 pL, 1 mM) were
added into pH = 4 buffers successively and kept for 30 min at 37 °C. The
absorbance peak of 0x-TMB (550-750 nm) was recorded.

4.4. Antibacterial evaluation in vitro

Gram-negative bacteria E. coli (ATCC 25922) and Gram-positive
strain of S. aureus (ATCC 25923) were chosen to assess the antibacte-
rial ability of the samples. Bacteria with a concentration of 1.0 x 108
CFU mL™! were cultured at 37 °C for 24 h. Subsequently, the concen-
tration of the bacteria solutions was diluted 100 times, and then 100 pL
was taken to re-cultivate on agar plates at 37 °C. The formula for
calculating the antibacterial efficiency is Antibacterial efficiency (%)
= (Nctrl - NExperiment)/Neti < 100 %.

The changes in bacterial morphology of various samples were
observed via the SEM (S-3400N, HITACHI, Japan). The experimental
steps refer to the previous study [16]. The ROS levels of bacteria were
determined by the ROS Assay Kit (Beyotime, China) [50]. The part of
bacterial extractions was surveyed using the PierceTM BCA Protein
Assay Kit (Thermo Fisher Scientific, USA) to evaluate the extracellular
concentration. The Enhanced ATP Assay Kit (Beyotime, China) was used
to evaluate the level of ATP expression in bacterial cells.

4.5. Transcriptome analysis

After 1 day of incubation, S. aureus on PEEK and PEEK-ZrTi were
collected and applied for RNA Sequencing by Majorbio (Shanghai,
China). Total RNA was extracted from the bacteria using CTAB method
and genomic DNA was removed. Only high-quality RNA sample was
used to construct the sequencing library. Ribosomal RNA (rRNA)
depletion instead of poly(A) purification is performed by RiboCop rRNA
Depletion Kit for Mixed Bacterial Samples ( Lexogen, USA ) and then all
mRNAs were broken into short (200nt) fragments by adding fragmen-
tation buffer. Then, the RNA sequencing library was constructed and
sequenced via an Illumina NovaSeq™ XPlus platform. Raw reads were
filtered to obtain high-quality clean reads by removing reads with
adapter, unknown, and low-quality sequences. Differently expressed
genes (DEGs) usually interact with each other in vivo to play roles in
certain biological functions. The significant DEGs were assigned into
different functional groups following Gene Ontology GO and KEGG
analysis.

4.6. Implant-associated osteomyelitis model in vivo

All animal procedures followed the Animal Management Rules of the
Ministry of Health of the People’s Republic of China and Guidelines for
the Care and Use of Laboratory Animals of China. An osteomyelitis
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model is used to evaluate the in vivo antibacterial activity of PEEK-ZrTi
galvanic cell metasurface. The hair of the femur area of rats was
removed and sterilized by iodophor wiping. A hole of ® 2 mm was
drilled along the bone marrow cavity using an electric drill, and 1 x 10°
CFU mL™! S. aureus was injected in 10 pL. Then, a sample of ® 2 mm
x 8 mm was implanted, subsequently sutured the wound and continued
to be reared. Sprague Dawley (SD) rats (300-320 g) were randomly
divided into four groups of PEEK, PEEK-Zr, PEEK-Ti, and PEEK-ZrTi.
After 2 days of rearing, the samples were taken out for the agar plate
antibacterial performance evaluation.

Six weeks after surgery, the osseointegration evaluation was con-
ducted. The femurs with implants were scanned by micro-computed
tomography (Micro Computed Tomography, SKYSCAN1076, Belgium).
On the other hand, implant-contained femurs were decalcified. Then,
the samples were embedded in paraffin wax and sliced into sections for
immunohistochemical staining, and safranine-fast green staining was
used to observe the tissue integration and new bone formation.

4.7. In vitro osteogenic evaluation

The osteogenic performances of the PEEK-ZrTi galvanic cell film
toward MC3T3-E1 osteoblasts and rat Bone Marrow Stromal Cells
(BMSCs) were seeded in samples. They were cultured in high-glucose
cultured in o-minimum Eagle’s medium (a-MEM) with 10 % fetal
bovine serum (Gibco, USA) and 1 % penicillin-streptomycin (Gibco,
USA). All cells were maintained at 37 °C in a humidified atmosphere
with 5 % COs.

The cytocompatibility of the PEEK-ZrTi galvanic cell metasurface
toward MC3T3-E1 osteoblasts was studied by the alamarBlue assay. The
cell inoculation concentration was 2 x 10% cells mL~?}, and 10 % ala-
marBlue fresh medium was added after 1, 4, and 7 days of incubation,
respectively. After incubation for 2 h, 100 pL of supernatant was aspi-
rated to determine the emission wavelength (560 nm) and the excitation
wavelength (590 nm).

MC3T3-E1 (2.0 x 10* cells mL_l) were cultured on the samples to
evaluate adhesion with 0.5, 1, 4, and 24 h, respectively. The cells on the
samples were fixed with 2.5 % glutaraldehyde for 24 h and dehydrated
sequentially in gradient ethanol (30 %, 50 %, 70 %, 90 %, 95 %, and
100 %). SEM was employed to observe cell morphology and ten cells
were randomly counted to calculate the cell spreading area. Alterna-
tively, samples were stained with DAPI and FITC-Phalloidin after incu-
bation for 12 h. The Fluorescence microscope (Olympus, Japan) was
used to investigate cytoskeletal differentiations.

The BMSCs were seeded on PEEK, PEEK-Zr, PEEK-Ti, and PEEK-ZrTi
at a density of 1 x 10* cells well ™! (cultured for 7 days) and 0.5 x 10*
cells well ! (cultured for 14 days). The expression of ALP was evaluated
using a BCIP/NBT ALP color development kit (Beyotime, China). The
BSA protein concentration of each group was determined using a BCA kit
(Beyotime, China). The relative activity of ALP was analyzed by
normalizing the ALP concentration with the BSA protein concentration.

The BMSCs were seeded on PEEK, PEEK-Zr, PEEK-Ti, and PEEK-ZrTi
at a density of 1 x 10* cells well ! (cultured for 7 days) and 0.5 x 10*
cells well ™! (cultured for 14 days). The samples were fixed with 4 %
paraformaldehyde and stained with Sirius Red for 18 h. Staining quali-
tative results were obtained using fluorescence microscope photog-
raphy. To analyze the quantitative results, the dye was eluted (V
(0.2 mol L~! NaOH): V (methanol) = 1: 1), and the OD value of the
eluate at 540 nm was tested.

The BMSCs were cultured as mentioned above. At 7 and 14 days, The
cells were stained with alizarin red stain for 10 minutes and rinsed
repeatedly with ultrapure water until the solution was colorless. A mi-
croscope system (Olympus, Japan) was used to observe the stained
Alizarin Red. Afterward, the solution was measured by detecting the
absorbance at a wavelength of 558 nm using a microplate reader (Bio-
Tek, USA).

On the gene expression level, Osteogenic genes such as ALP, BMP-2,
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COL-1, and OCN were evaluated by quantitative real-time PCR (qPCR).
Briefly, the BMSCs seeded on various samples were cultured for 7 and 14
days. 1 mL Trizol reagent (Invitrogen, Thermo Fisher Scientific Inc.,
USA) was used to extract RNA from the cells. Transcriptor First Strand
cDNA Synthesis Kit (Roche, Switzerland) was used to synthesize cDNA
from 1 pg total RNA. FastStart Universal SYBR Green I Master Mix
(Roche, Switzerland) was used in gPCR on the LightCycler480® system
(Roche, Switzerland). The primers (BioTNT) sequences for qPCR are
listed in Table S2.

The macrophage (RAW.264.7) was used to evaluate immune
behavior. RT-qPCR was tested and cultured for 4 days. The cells were
then collected using TRIzol™. RT-qPCR used the LightCycler 480 system
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the
reference gene, and the primers were listed in Table S3. RAW.264.7 was
cultured and co-cultured with BMSC. The samples were fixed with 4 %
paraformaldehyde and stained with Sirius Red for 18 h. Staining quali-
tative results were obtained using fluorescence microscope photog-
raphy. The OD value of the eluate at 540 nm was tested for quantitative
results.

4.8. In vivo bone regeneration

The Animal Experiment Theory Committee of Shanghai Changzheng
Hospital approved the rat cranial defect implantation model in this
work. The SD rats (200-250 g) were randomly divided into four groups,
eight in each group. A curved incision was made in the cranial area
between the two ears to expose the skull. After that, a defect area with a
diameter of 7 mm and a depth of about 0.5 mm was ground out in the
middle of the skull using a diamond ball drill, and then PEEK, PEEK-Zr,
PEEK-Ti, and PEEK-ZrTi samples were placed into the defect location.
Experiments were performed to characterize new bone and minerali-
zation using polychrome sequential fluorescent labeling method (poly-
chrome sequential fluorescent labeling method). Eight weeks later, rat
skulls were collected and fixed in a 4 % paraformaldehyde buffer solu-
tion for micro-CT reconstruction and quantitative analysis of bone
regeneration.

The experiment used male New Zealand rabbits, aged 6-7 months,
weighing 3.5-4.5 kg. A 3 % pentobarbital sodium was taken at a dose of
1 mL/kg, and anesthesia was slowly pushed through the marginal vein
of the ear. The knee joint of the experimental rabbit was located, and a
longitudinal incision of about 2 cm was made on the lateral skin to
expose the femoral condyle. A hole was created using a 5 mm bone drill,
into which the implant material was inserted, followed by suturing of
the skin. Eight weeks after the operation, the experimental rabbits were
euthanized, and the bilateral femurs were taken as subsequent detection
samples. Micro-CT was used to detect and evaluate the new bone con-
dition of the samples. A complete specimen of the surgical site was
taken, muscle and skin tissues were removed, and the complete skeleton
was retained. Then, the samples were embedded in paraffin wax and
sliced into sections for immunohistochemical staining to observe tissue
integration and new bone formation. The SANS mechanical measuring
instrument was used to test the torque change when rotating the ma-
terial, draw the twisting curve, and record the maximum torque for
statistics.

4.9. Statistical analysis

A GraphPad Prism 6.0 statistical software measured the mean
+ standard deviation (SD). Data was compared via one-way ANOVA and
post hoc Tukey’s test. *p < 0.05, * *p < 0.01, and * **P < 0.001 were
considered statistically significant.
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1. Calculation of PIII&PHS technical principle

The negative bias applied to the target is Vi, and the potential on the sample surface is V.
In the plasma near the target, positive ions with a potential V, bombard the target to produce
sputtering.

In an RF-ionized Ar plasma, an electric field is created between the samples and the target
to generate a plasma sheath. Ar ions then bombard the target and sputter ions and atoms. The
ions with part atoms of the sheath are drawn to the sample surface under the bias potential. In
PIII&PHS, the samples and target are located at the same cathode and subjected to ion
sputtering and deposition.

Polymer samples are insulating materials and exhibit capacitive properties of charge
accumulation, which consumes some of the bias potential. Therefore

V, <V, (S

At the start of the PHS, the sample surface has the highest surface permittivity (4eg) with
the most charge accumulation. As metal deposition increases, 4de; gradually decreases, i.e., the
surface capacitance dynamically changes. The surface charge accumulation Ug is shown

below:

Us = k X “78 , (S2)
where k is a constant, Aegg is the dynamic permittivity, and d is the medium distance. Therefore,
the bias pressure effectively acting on the sample surface is as follows:

V, =V, — U,. (S3)
When the sample is negatively biased relative to the plasma potential, a plasma sheath of a
certain thickness is formed. The ion current is determined by the plasma source.

V3 (ZeVS)3/4’ (S4)

Schita = 7 Ape \—
3 kT,

where Scpiq 1S the sheath thickness, T, is the electron temperature, e is the electron charge,



k is the Boltzmann constant, and Ape is the Debye length [1].

kT,
I = [ (85)

where g, is the permittivity of free space, k is Boltzmann’s constant, T, is the electron
temperature, ¢ is the electron charge, and n, is the plasma density.
The plasma sheath is filled with electrons and ions. According to the Child-Langmuir law

[2], the density of ion flow j; in the sheath is Equation S6:

.4 [zevi?
i =;50J;ei —, (S6)

where S is the spacing of the fixed positive and negative electrodes, the sheath ion flow density

ji is proportional to I/f/ 2,

There are two processes in the plasma sheath, one in which the target is sputtered to
deposited onto the sample surface, and the other in which the film deposited is re-sputtered out
of the sample. Assuming that all sputtered material is deposited onto the samples, the deposition
rate Q for PHS is Equation S7 [3]

Q = ACyji, (S7)
where y is the target sputtering yield, j; is the incident ion flow density, A is the polymer
samples characteristic,and C represents the parameter for the target properties. A and C can
be taken as a constant.

Qs = ACyGiir — Jis)s (S8)
where (g is the deposition rate of the sample surface in the sheath, and j;s and j;; represent
the densities of ion flow of the sample and target, respectively.

As shown in Fig. 3D (v), the polymer sample accumulates a large amount of charge. We
can assume that j;¢ = 0, because the surface is insulating (4¢; maximum). Therefore, Qg =
ACyj;r. As the metal is deposited on the sample surface, Ade; gradually decreases, jir > Jis

leading to Q; decrease. When jir =jis, 0500, the metal deposition reaches dynamic
3



equilibrium with sputtering on the sample surface.

2. Metasurface growth mechanism

As shown in Fig. 3D (v), the gap of the metasurface nanopillar array can be approximated
as a nanotube-like structure with diameter d. The deposition rate (Qs) at the inner wall of the
nanotube during PHS application is hindered by the potential drop inside the pore [1, 4]. If the
nanotube-like radius d/2 is less than the ion-matrix overlap length, the critical value of the
spacing distance (D) can be acquired by [5]

Da = (D), (89)
where n, is the plasma density, ¢ is the bias potential applied to the target, g, is the
permittivity of free space, and e is the electronic charge. The potential drop A¢ can be
exported to

Ag = ((d/2)/Da)?%o . (S10)

The potential drop A in the pores implies that the plasma accumulates below the surface

of the columnar protrusions left behind by the PIII process. Consequently, the columnar
protrusions become sites for selective deposition (Fig. 3D (v)). Nanopillars grow dynamically

to form a metasurface with nanopillar spacing d/2 < Dg.



3. Supplementary results
The supplementary results mainly include structure-composition analysis, osteointegration,

antibacterial and gene expression results of the galvanic cell metasurfaces.

Fig. S1. XRD patterns of PEEK, PEKK, PASF, PAIL PEI, PPS, and PTFE.



Fig. S2. HR-TEM images of top view for PEEK-ZrTi.



Fig. S3. The EDS mapping of the cross-section for PEEK-ZrTi with TEM.



Fig. S4. The EDS mapping of the cross-section for PEEK-ZrTi at low magnification.



Fig. SS. (A) XPS full spectra. XPS high-resolution spectra of (B) C 1s, (C) Zr 3d, and (D) Ti

2p of the samples.



Fig. S6. (A) O ls and (B) C s spectra of PEEK-ZrTi at various depths by XPS.
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Fig. S7. SEM images of PEEK, PEKK-Ar, PEEK-Zr, and PEEK-Ti.
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Fig. S8. AFM images of (A) PEEK, (B) PEEK-Zr, and (C) PEEK-Ti. (D) Distribution of
nanopillar heights on the sample surface. It was obtained from the statistical analysis of the

AFM results.

12



Fig. S9. The frictional wear rate of the various samples.
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Fig. S10. Surface roughness of PEEK, PEEK-Ti, PEEK-Zr, and PEEK-ZrTi.
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Fig. S11. Surface friction coefficients of PEEK, PEEK-Ti, PEEK-Zr, and PEEK-ZrTi.
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Fig. S12. Cumulative Zr and Ti ions release from PEEK-Zr, PEEK-Ti, and PEEK-ZrTi.
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Fig. S13. Surface zeta potential of samples with metasurface (Meta-) and without metasurface
(Plane-).
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Fig. S14. cAFM image of PEEK-ZrTi.
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Fig. S15. Surface microregion currents probed by cAFM.
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Fig. S16. The galvanic cell effect catalyzes the oxidation of H2O> for TMB color

development.
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Fig. S17. The photographs of colonies for (A) S. aureus and (B) E. coli. with various samples.
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Fig. S18. Photographs of samples (A) and S. aureus colonies (B) for Ta-ZrTi, Si-ZrTi, PEEK-

ZrTi, Ta, Si, and PEEK.
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Fig. S19. SEM images and photographs of S. aureus colonies for PEEK, PEEK-ZrFe, PEEK-

ZrTa, PEEK-TaTi, PEEK-TaFe, and PEEK-CuFe.
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Fig. S20. Up-regulated enriched KEGG pathways analysis of PEEK-ZrTi compared with

PEEK.
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Fig. S21. Chordal diagram on highly expressed gene sequences analyzed from highly

regulated GO pathways.
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Fig. S22. Quantitative analysis results of bone density of various samples.
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Fig. S23. Analysis statistically of cell spreading area according to cell SEM morphology.
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Fig. S24. Fluorescence images of BMSCs cultured with various samples for 12 h.
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Fig. S25. (A) The result of collagen staining of BMSCs cultured on various samples. (B) The

result of extracellular matrix mineralization (ECM) of BMSCs cultured on various samples.
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Fig. S26. (A) Quantitative result of ALP activity, and (B) ALP-positive areas of BMSCs
cultured on various samples. All the data are expressed as means = SD (n 0 3) (*p <0.05, **p
<0.01, and ***p <0.001).
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Fig. S27. The cell proliferation rates of PEEK-Zr, PEEK-Ti, and PEEK-ZrTi.
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Fig. S28. Inflammation-related behavior of galvanic cell metastructure films. (A) Related
gene expression levels of macrophage cultured on various samples for 4 days. Qualitative (B)
and quantitative (C) analysis of osteogenic-type mineralization after co-culture of

macrophages and BMSC.
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Fig. S29. Van Gieson (VG) staining and sequential fluorescent labeling observations. Red,
yellow, and green represent labeling by alizarin red S (2 weeks), tetracycline hydrochloride (4

weeks), and calcein (6 weeks), respectively.
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Fig. S30. (A) Torsional force test diagram. (B) Quantitative analysis of bone surface versus

tissue volume (BS/TV).
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Table S1. Average of RNA-Seq data generated for S. aureus samples.

Samples Raw reads Clean reads Unmapped Total mapped
reads (%)
PEEK 21690571 20564871 1125700 94.82

PEEK-ZrTi 21935562 20815403 1120159 94.90
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Table S2. Primers associated with osteogenic gene detection.

Gene (mouse)

Primer sequences

(F, forward; R, reverse)

Product size

(bp)

GAPDH

COL-I

OCN

ALP

BMP-2

F: GCT CAG GCCTCT GCG CCCT

R: CCTACT CTC TTG AAT ACC

F: CTGCCCAGAAGAATATGTATCACC
R: GAAGCAAAGTTTCCTCCAAGACC
F: GCCCTGACTGCATTCTGCCTCT

R: TCACCACCTTACTGCCCTCCTG

F: CGTCTCCATGGTGGATTATGCT

R: CCCAGGCACAGTGGTCAAG

F: TGGGTTTGTGGTGGAAGTGGC

R: TGGATGTCCTTTACCGTCGTG

115

198

103

209

154
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Table S3. Primers associated with inflammatory gene detection

Primer sequences Product size
Gene (mouse)

(F, forward; R, reverse) (bp)

F: GCT CAG GCCTCT GCGCCCT
GAPDH 115

R: CCT ACT CTC TTG AAT ACC

_ F: CCATGAATG AGT CCAAGT CC 60
R: TAACTTATGAAT TTT TAAT

110 F: CCCTTT GCTATG GTGTCCT 106
R: GTG GCCAGT TTG TTATTT AT

TLR4 F: CAC TAA CGG GAG AAT CCT GTG 13
R: AGG GAC CAT CTT CAT TTC CAT

F: AGC AGT GTC CCA CAAACA AAG
MyD88 100
R: GGC AGT AGC AGA TAA AGG CAT

F: ACT GCT GAG TGT TAC TGC CAT
TRAF6 163
R: GCT GTC ATC ATC CAC GAG A

F: TGA CAA GGT TCA GAAAGATG
NF-kB1 124
R: GAA GAC AAT GGC AAA CTG
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