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Abstract: Infections associated with titanium (Ti)-based implants present significant challenges in clinical treatments, especially
when biofilms already form on the implant surface. Many antimicrobial agents, including antibiotics, metallic nanoparticles and
antimicrobial peptides, have been extensively used to deal with Ti implant infections. However, these chemical approaches suffer
from potential toxicity, antibiotic resistance and poor long-term antibacterial performance. Hence, physical antibacterial surfaces on
Ti-based implants have attracted increasing attention. The antibacterial behavior of different surfaces on Ti-based biomaterials against

various bacteria only by physical properties of the implants themselves (e.g., nanotopography) or exogenous physical stimulus (e.g.,
photocatalysis) was reviewed, as well as parameters influencing the physical antibacterial processes, such as size, shape and density of
the surface nanotextures, and bacterial growth phases. Besides, mechanisms of different fabrication techniques for the physical

antibacterial surfaces on Ti-based biomaterials were also summarized.
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Titanium (Ti)-based alloys are widely used in orthopedic
and dental fields due to their excellent corrosion resistance,

superior mechanical properties, and good biocompatibility" .

However, Ti alloys are susceptible to bacterial infections® .
Currently, the global infection risk for orthopedic surgeries is
about 2% —
colonize and form biofilms within hours of post-implantation,
leading to infections™. This can adversely affect the

adhesion of osteoblast-related cells to the surface, ultimately

5% Bacteria around implants can rapidly

resulting in poor osseointegration!’ ', Worse still, severe
infection after implantation leads to the failure of the implant
surgery, necessitating multiple additional operations'?.

To deal with postoperative infections, clinical treatments for
patients often rely on multiple debridement surgeries and
systemic antibiotic administration. However, once a mature
biofilm forms on any implant surface, it becomes challenging
to eradicate bacteria despite antibiotic treatments and repeated
surgical washouts”!. This leads to the emergence and spread
of multidrug-resistant bacteria"*, making it difficult to fully
recover, and imposes physical suffering and economic burdens
on the patients!"”. Therefore, there is a need for Ti implants
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capable of repelling or eliminating bacteria in the early stages
of implantation and promoting osseointegration in the later
stages to solve this issue!*'.

Many researchers focus on the application of chemical anti-
bacterial coatings onto the surface of Ti-based implants. These
coatings can actively kill bacteria or passively prevent their
adhesion. Surface-modified implants based on antibacterial
coatings can inhibit bacterial infection by releasing antimicro-
bial agents, such as antibiotics, Ag ions, Cu ions, antimicrobial
peptides and other antimicrobial macromolecules'*. However,
the potential toxicity of these antimicrobial agents cannot be
ignored"”, and the stability of these coatings in practical appli-
cations has yet to be verified. The abovementioned limits of
chemical antibacterial surface treatments lead to the develop-
ment of better antibacterial modifications on Ti-based implant
surfaces. Recently, physical antibacterial surfaces have drawn
increasing attention, because killing bacteria through physical
mechanisms is much safer and more sustainable™.

1 Natural Physical Antibacterial Surfaces

Physical antibacterial surfaces are ubiquitous in nature,
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with a multitude of creatures exhibiting these surfaces to
protect themselves against pathogenic bacteria®. Early stu-
dies attributed these antibacterial effects to the inhibition of
bacterial adhesion due to hydrophilic or hydrophobic proper-
ties™ . However, recent research has discovered that these
antibacterial effects are achieved through the interaction bet-
ween bacteria and the nanostructures on natural antibacterial
surfaces, known as the contact-killing mechanism™.

Ma et al® found that, whether under dry or fully
submerged conditions, the dense nanostructured epidermal
wax crystals on the epidermal cells of taro leaves, as shown in
Fig.la—1b, could resist the adhesion of P. aeruginosa cells or
particles. It suggests that nanostructures with appropriate
configurations may reduce bacterial contamination in
underwater applications.

Ivanova et al®® reported the bactericidal effects of the natur-
ally bactericidal surface of cicada wings on P. aeruginosa. The
nanopillars on the cicada wings, as shown in Fig.1c—1d, can
kill most bacterial cells within 5 min of contact. The time
required for the nanopillars to rupture the bacterial cell wall is
only approximately 3 min. It has been proposed that there is a
20 min adhesion/killing cycle, during which the cicada wing
surface becomes saturated with bacteria. Once the bacteria are
killed and either fragmented or sunk into the nanopillars, new
bacteria can attach to the surface.

These unique bactericidal properties have garnered
significant research interest due to their ability to prevent
biofilm formation and infections on implant devices solely by
the physical contact between the implant surface and bacteria.
This antibiotic-free approach effectively kills antibiotic-
resistant bacteria and mitigates the issue of resistant strain
diversity caused by the misuse of drugs””. Additionally, many

chemical antibacterial surfaces are only effective in the
aqueous solutions, and potentially show reduced efficacy in
killing bacteria that contact implants in the air when no liquid
medium is present.

Some studies explore alternative physical methods to kill
bacteria through the contact-killing mechanism rather than

chemical means®>".

Models of contact-killing processes
include the biophysical model, the elastic mechanics model,
and the quantitative thermodynamics model®". Pogodin et
al® demonstrated a biophysical model of the interaction
between bacterial cells and the nanopatterned cicada wing
surface, and found that the stiffness of bacterial cells was a
influencing the effect of

nanostructures. Xue et al™ constructed an elastic mechanics

crucial factor bactericidal
model and concluded that the antibacterial performance of
nanopillars was enhanced when the tip radius of the
nanopillars was smaller and the spacing between pillars
increased. Li et al® proposed a quantitative thermodynamic
model, and the theoretical results indicated that the balance
between the adhesion energy and deformation energy of the
bacterial cell membrane played a decisive role in bacterial
These studies

of natural physical

adhesion to nanostructures. reveal the

antibacterial mechanisms surfaces.
Multiple factors influence the antibacterial efficacy of natural
adhesion forces to the

surfaces, including microbial

nanostructures™ ¥, the rigidity of bacterial cells””, and the

topographical morphology of the nanostructures™.

2 Nanostructured Physical Antibacterial Surfaces
on Ti-based Implant Materials

2.1 Amorphous nanomorphology

Inspired by the antimicrobial properties of natural surface

Fig.1 Scanning electron microscope (SEM) images of taro leaves after liquid substitution (a), air drying and sputter coating (b)*; P. aeruginosa

cells on the surface of the cicada wing, with cell membranes visibly disrupted by the nanopillar structures (c); P. aeruginosa cells sinking

between the nanopillars on the cicada wing surface (d)>"
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structures, researchers have explored the effects of surface
morphology on bacterial behavior by simply altering the
roughness”™ 738
2006. Preliminary studies revealed that some nanoscale rough
structures can significantly inhibit bacterial growth and

proliferation. For example, some studies developed nano-

and crystalline phase of Ti implants since

structured antibacterial surfaces, covered with irregular
nanowires as shown in Fig. 2P
faces not only demonstrate significant bactericidal capabilities
but also show potential in long-term inhibition of biofilm
formation by effectively disrupting the growth and
maturation of biofilms over extended periods. Moreover,
similar experiments conducted on three-dimensional sub-

1. These nanostructured sur-

strates also confirm the effectiveness of these nanostructures
in various dimensions and complex environments™. These
findings suggest that such surface structures can substanti-
ally reduce the incidence of implant-associated infections
in practical applications,

directions for the design and optimization of medical
142]

providing new insights and

implants
2.2 Titania nanopillars

Due to technical limitations, the detailed mechanisms by
which irregular nanoscale structures promote bone formation
remain unclear™!, and there is no consensus on the exact
mechanisms leading to microbial cell death®™. To elucidate
these mechanisms and achieve intentional control of cellular
activity using the surface structures of implants, standardized,
controllable, and periodic nanoscale Ti surface structures were
fabricated.

Techniques such as thermal oxidation™, reactive ion

4 can create

etching (RIE)™, and electron beam lithography'
well-ordered nanopillar structures on titanium surfaces.
Nanopillars fabricated via RIE have demonstrated high
bactericidal performance. Within 4 h of contact with the
nanopillars, 95%+5% of E. coli, 98%+2% of P. aeruginosa,
92%+5% of M. smegmatis, and 22%+8% of adhered S. aureus
cells were killed. After 24 h of cell adhesion, the bactericidal
efficiency against S. aureus increased to 76%+=4%.

Current research on the interactions between bacteria and
nanopillars indicates that the primary antibacterial effect is
attributed to nanomechanical stress induced by the contact of

bacterial cells with nanostructured surfaces. Specifically, upon
contact with nanopillars, the bacterial membrane experiences
stretching and damage due to the nanomechanical stress
exerted by the interaction with the nanopillars™*”. Fig.3a—3f
illustrate the deformation of the bacterial cell membrane upon
contact with the nanopillars. Statistical results indicated that
the envelope of S. aureus was largely unaffected by the
nanopillars, with a low frequency of membrane deformation
and penetration, observed in only 5% of cells. In contrast, the
nanopillars caused significant deformation of the E. coli
membrane. Indentations in contact with the nanopillar tips
were observed in 26% of cells, and membrane penetration
occurred in 19% of cells. For K. pneumoniae, the nanopillars
induced membrane deformation in 11% of cells and
penetrated the bacterial envelope in 8% of cells®". The weaker
effect on the bacterial membranes of Gram-positive bacteria is
attributed to the thickness of the peptidoglycan layer in their
cell walls, which is 4 —8 times thicker than that of Gram-
negative bacteria™®. This increased thickness provides Gram-
positive bacteria with a greater resistance to membrane
deformation due to mechanical stress.

The topological morphology (e. g., density, spacing, slope
and aspect ratio) and adhesion force of biomimetic nanopillar
structures  significantly influence their interactions with
bacteria. Analytical models suggest that upon contact with
nanopillar surfaces, the adhesion forces exerted on the
bacterial membrane induce stretching, ultimately leading to
rupture and cell death. The tip radius of surface nanotextures
is crucial, as it represents the initial contact point between
bacteria and the implant. Smaller tips enhance bactericidal
efficacy by exerting pressure on the bacterial membrane!.
Zahir et al®™ demonstrated bactericidal activity against S.
aureus and P aeruginosa by constructing rod-shaped
nanopillars with spherical caps, as shown in Fig. 3¢ — 3f.
According to the simulations by quantitative thermodynamic
model, as shown in Fig.3g—3h"", it can be found that tip
radius ranging from 50 nm to 60 nm significantly enhances
the bactericidal effect, as this radius is sufficiently large to
prevent the bacterial membrane from easily slipping off, yet
small enough to exert significant pressure on the membrane,
driving its deformation and rupture”’. This suggests that

Fig.2 SEM images of brush (a) and niche (b) type patterns of amorphous titania nanowire arrays (30° tilted view of the brush type showing sharp

nanowire tips)™*!
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Fig.3 SEM images of S. aureus (a-b), E. coli (c—d), and K. pneumoniae (e—f) cultured for 3 h on flat Ti alloy (control) and nanopillar surfaces

[31].
>

relationship between the minima of free energy change and spacing of nanopillars with different radii (R, (g); calculated degree of

membrane stretching at equilibrium for bacterial cells exposed to nanopillars with varying radii (h)®*; levels of H,0, in S. aureus or E. coli

after 24 h of incubation on the control or nanopillar surfaces (** indicates statistically significant difference relative to the control) (i)"*"

nanostructures with larger radii increase the induced tension
on bacterial membranes, leading to greater membrane
stretching and ultimately causing rupture®™*”. The maximum
spacing between nanopillars should be less than the diameter
of the bacteria; otherwise, the bacteria may fall between the
nanopillars, preventing bacterial eradication. In addition,
larger spacings can induce cytotoxicity in human cells
adhering to the implant, rendering it unsuitable for use®.
Appropriately small spacing can enhance bactericidal effects.
Increasing the slope of the structure also enhances its
bactericidal effectiveness by increasing the tangential force
exerted on bacteria along the sides of the nanopillars®™.
Bacterial cells pronounced mechanical
deformation when
nanopillars, leading to increased susceptibility of the bacterial
membrane to rupture due to stretching™".

However, according to the report by Jenkins et al®', the

undergo more

in contact with high aspect ratio

cell-killing ability of biomimetic nanopillars is not only
attributed to the nanomechanical stress, but nanostructured
surfaces also alter the genomic and proteomic characteristics
of bacteria. Nanopillars induce bacterial cell impedance,
significantly reducing the ability of bacteria to replicate on the
nanopillar surface. Additionally, nanopillars can
oxidative stress upon contact with bacterial cells, which is

induce

effective against both Gram-positive and Gram-negative
bacteria (Fig.31). These internal chemical changes in bacteria
may cumulatively impair processes such as bacterial growth
and biofilm formation. It is also indicated that biomimetic
nanostructures may possess multiple mechanisms for bacterial
killing and offer the potential for targeting various bacterial
species. Simultaneously, this reflects the ambiguity and
uncertainty in studying bactericidal mechanisms. Although
engineering research methods have a long-standing history in
these studies, microbiological research has not been fully
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explored. Consequently, most researchers focus on observing
bacterial penetration and deformation rather than exploring
the cellular mechanisms of interactions between bacterial and
nanostructured surfaces. Investigating these interactions from
an engineering perspective is challenging due to the difficulty
in accurately experimentally evaluating and decoupling the
influences of geometric, electrical, and interfacial physical
factors®",

2.3 Titania nanotubes

Electrochemical deposition, hydro/solvothermal methods,
sol-gel techniques, and atomic layer deposition (ALD), have
been utilized to fabricate titania nanotubes (TNTs) and to
control their aspect ratio, length, inner and outer diameters,
inter-tube spacing, and degree of order’™. However, achieving
controlled growth of TNTs on implants by the aforementioned
techniques is significantly limited due to the complex
geometry of the implants, expensive equipment or extensive
training, and the constraints of cost, time efficiency, or high-
temperature and high-pressure reaction conditions. In contrast,
electrochemical anodized TNTs exhibit highly ordered
structures and extensive specific surface areas, demonstrating
good mechanical strength, unique electronic properties, high
concentration and mobility of long-lived charge carriers, and
various quantum confinement effects, alongside favorable

sP. Electrochemical anodization involves

economic benefit
immersing metal/alloy implants into an electrochemical cell
containing electrolyte of water and fluoride, submerging the
counter electrode, and applying a specific voltage/current.
Under optimized conditions at room temperature, titania-
based self-ordered TNTs can be rapidly fabricated by
controlling voltage and water content in the organic

electrolyte. Additionally, during the anodization process,

enhancing antibacterial properties””.

The aspect ratio, diameter, and preparation conditions of
TNTs significantly influence their antibacterial efficacy.
However, the investigation on the antibacterial mechanisms of
TNTs remains considerably lacking. A potential mechanism is
that increasing aspect ratio of the nanomorphology may
enhance the flexibility of the tubes, leading to increased
membrane stretching due to the deflection of the tubes during
bacterial adsorption™”. Experimental results have shown that
within a specific range (20—140 nm), larger diameters of TNTs
result in a stronger bactericidal effect™ *.

Besides, the antibacterial effects of TNTs are highly
dependent on bacterial growth phases. Liu et al®™ investigated
the influence of growth phases on the antibacterial
mechanisms of TNTs anodized at different voltages using
Gram-positive (S. aureus) bacteria. Fig.4a shows the growth
curve of S. aureus, which is composed of the lag phase (0—4
h), the logarithmic phase (4—11 h), and the stationary phase
(after 11 h). The viability of S. aureus on the anodized
samples at the three phases shows different behavior, as
presented in Fig.4b. The samples anodized at 30 (named TNT-
30) and 50 V (named TNT-50) exhibit significantly lower
bacterial viability than the control groups at the lag phase, and
the cell morphologies on CP-Ti (Fig.4c) and TNT-50 (Fig.4d)
also show significant anti-adhesion and bactericidal effects of
TNTs. At the logarithmic phase, the viability of S. aureus on
TNTs can still be controlled at a considerably low level. While
the inhibition of S. aureus on TNTs does not seem to be so
efficient at the stationary phase. The antibacterial mechanisms
at various growth phases are summarized in Fig.5. Addition-
ally, Ji et al'” also reported a similar phenomenon for Gram-
negative (E. coli) bacteria cultured on the surface of TNTs, as

fluoride ions are incorporated into the anodic nanostructure, presented in Fig.4e—4f.
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Fig.4 Growth curve of S. aureus (a); viability of S. aureus cultured for different durations on different samples (* indicates p < 0.05; ** indicates
p <0.01) (b); morphologies of S. aureus (c—d) and E. coli (e—f) after incubation for 4 h on CP-Ti (c, e) and TNTs-50 (d, f) samples (white

arrow in Fig.4d shows the damaged morphology of S. aureus; red arrows in Fig.4f show corrugated or even dead cells)"
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Fig.5 Schematic diagram of dependence of antibacterial behavior of

TNTs on growth phase of S. aureus™"

It is important to note that compared with nanopillars, TNTs
exhibit higher surface energy, which enhances protein
interactions (including adsorption and conformation), thereby
improving cell adhesion and tissue growth®™”. Consequently,
TNTs show great potential as an ideal Ti-based implant
surface, which can both inhibit bacterial behavior and promote
osseointegration.

2.4 Other nanostructures

Various methods such as laser treatment, anodic oxidation,
and RIE have been applied to fabricate other types of
nanostructures on Ti-based implants with antibacterial effects.

Chopra et al® fabricated unique nanostructures, including
spiny, dagger-like, spiked, and flame-shaped textures, on
titanium implants using different anodization parameters
(Fig.6a—6¢). These structures differ from conventional TNTs.
The anodization of rough substrates leads to uneven
distribution of the electric field on the surface protrusions

during the anodization process. During the early stages of
anodization, the exhibits
instability, resulting in varying degrees of undulation on the
anodic film, which ultimately leads to the self-assembly of

oxide surface morphological

anodic structures. The fabricated nanostructures demonstrate
strong antibacterial effects, and quantitative analysis revealed
that approximately 40% of various bacteria obtained from
human saliva on the nanostructured Ti surface were killed
within 48 h.

Both RIE®" and laser treatment'® can produce microgroove
structures (Fig. 6f). The principle of laser treatment involves
the formation of periodic grooves on the titanium alloy
surface when treated with a low-power laser (4 W for surface
treatment). Due to the periodic characteristic of the laser
processing, titanium alloy substrate surface exhibits a grooved
structure. RIE is based on chemical etching and physical ion
bombardment. Ti etching is primarily driven by chemical
processes, while TiO, etching relies on physical processes.
The chemical process is dependent on the reaction between
the etching gas and the substrate, whereas the physical process
is driven by the kinetic energy of particle beams (i.e., radicals
and ion beams) that etch the substrate™. Fig.6g—6h show the
microgroove structures on the titanium surface. Microgrooves
can trap P. fluoreescens and delay direct contact between

them, thereby inhibiting biofilm formation!®*",

3 Hydrophilic and Hydrophobic Antibacterial

Properties of Ti Surfaces

The wettability of implant surfaces is determined by their
surface chemistry and roughness’™. Studies show that the
water contact angle on rough surfaces is more polarized
compared with that on smooth surfaces, i.e., on hydrophobic
surfaces, rough surfaces exhibit a larger contact angle,
whereas on hydrophilic surfaces, rough surfaces display a

[64]

smaller contact angle Protein adhesion and bacterial

attachment are influenced by the wettability of the implant
surface™; for example, hydrophilic surfaces usually effec-
tively enhance protein adsorption®”; however, the relationship
between Dbacterial adhesion and the hydrophilicity or
hydrophobicity of implant surfaces remains controversial. Qi
et al® developed a model of E. coli movement on four hydro-
phobic surfaces, and demonstrated that more hydrophobic
material surfaces exerted a greater surface attraction on
E. coli during collisions. Boks et al™ studied the adhesion
behavior of four S. epidermidis strains on hydrophobic
(dimethyldichlorosilane-coated glass) and hydrophilic (glass)
substrates. Within 120 s, the adhesion force on hydrophilic
glass was significantly stronger than that on hydrophobic
coated glass. Due to the gradual formation of hydrogen bonds,
the adhesive force was stabilized after approximately 60 s.
These cases indicate that bacterial adhesion is influenced by
factors beyond wettability, suggesting that wettability may not
be the most critical factor™”.

Numerous studies have demonstrated that titanium implant
surfaces with superhydrophilic” and superhydrophobic!"
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Fig.6 SEM images of Ti-based surfaces with different nanostructures: (a) spinules, (b) daggers, (c) papillae, (d) spikes, and (e) flames*”; 200 nm

linewidth grating (400 nm pitch) (f)'"’; microgroove structures on titanium substrates with a height of 100 nm (g) and 200 nm (h)™*"

properties exhibit significant antibacterial effects. Self-
cleaning implant surfaces that display superhydrophobic
behavior (water contact angle >150°) exhibit the ability to
repel water and oil due to low surface free energy, allowing
them to trap air within the liquid”™. However, the
superhydrophobic state is metastable, and the trapped air can
eventually be displaced by the liquid'®. Superhydrophilic
surfaces (water contact angle <10°) can also prevent biofilm
formation.  The  reduced  bacterial  adhesion  on
superhydrophilic titanium surfaces is attributed to chemical
changes that result in decreased carbon content and increased

oxygen content on the surface’.

4 Antibacterial
Approaches

Effects via Physical Stimulus

Photocatalysis has been widely used for antibacterial
applications” ™. TiO, nanorod arrays have been demonstrated
to be highly efficient photosensitizers in antibacterial
applications. TiO, has a bandgap of 3.2 eV, necessitating
activation by ultraviolet (UV) light””. Some studies show that
enhancing the material’s UV light absorption can promote the
generation of reactive oxygen species (ROS), which
effectively kill bacteria™ . However, UV light is harmful to
biological tissues and has poor penetration depth, which is a
major obstacle to the widespread use of TiO, in antibacterial
applications via photocatalysis. Consequently, several
modification methods, such as element doping™’ and
hydrogenation™, have been employed to reduce the bandgap
of TiO, and to increase light absorption in the visible and near-
infrared regions. Notably, recent research indicates that a
bidirectional hydrothermal (aaBH) method can construct
periodic titania super-surfaces on Ti alloy implants, enhancing
selective near-infrared (NIR, 800 nm) adsorption and effective
NIR-activated photocatalytic activity””. Compared to element
doping and hydrogenation, the super-surface treatment
method does not require the introduction of exogenous
photosensitizers but rather modulates light behavior through a

single nanostructure. Furthermore, the aaBH method is
extremely simple and cost-effective, and has significant
potential for broader biomedical applications.

studied NIR photocatalytic
antibacterial mechanisms are primarily categorized into
photothermal therapy (PTT) and ROS-related photodynamic
therapy (PDT)™. PTT generates heat through photothermal
conversion, inducing bacterial damage; however, a significant
challenge of this therapy is its difficulty in eradicating bacteria
at temperatures tolerable to the human body™". PDT relies on
the ROS produced by materials under light exposure, which
leads to the disruption of bacterial cell membranes and protein

denaturation. Nevertheless, excessive ROS can induce
81]

The most extensively

cytotoxic effects®’. Both mechanisms are often utilized
synergistically to exert antibacterial efficacy within a safe
range. As presented in Fig. 7%, under NIR irradiation, the
combined effects of hyperthermia, ROS, and nanomorphology
result in outstanding antibacterial and antibiofilm activity.
Quantitative detection results showed that the survival rates of
S. aureus and E. coli in the experimental group were
approximately 35.8%, demonstrating a strong bactericidal
effect™!.

Notably, beyond the photothermal effect, electron transfer
under NIR irradiation also exhibits potential antibacterial
capabilities. Recently, extracellular electron transfer (EET)
between modified surfaces and bacteria has been proposed as
a novel tissue-friendly antibacterial strategy™. In biological
systems, the respiratory processes of bacteria and cells
typically involve electron transfer. External electrical signals
can disrupt the natural electron transfer process within
bacteria, leading to oxidative stress and increased ROS, and
ultimately inhibiting bacterial ~growth™. Experimental
evidence shows that loading Au™ or Ag™ onto TNTs can
confer strong antibacterial properties even in the absence of
light. When surface-modified Ti implants are in contact with
S. aureus, EET occurs, wherein electrons are transferred from
the bacteria to the implant surface, forming a “bacterial
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Bacterial
growth
phases

Fig.8 Schematic diagram summarizing the physical antibacterial

mechanisms of Ti-based implant surfaces

current” that kills the bacteria. Gold nanoparticles can capture
“hot” or “active” electrons from the bacterial respiratory
chain and transfer them to TiO, via the internal electric field
formed by the Schottky barrier, forcing the bacteria to lose
electrons. Consequently, the respiratory chain is blocked,
triggering a sharp increase in intracellular ROS and leading to
bacterial deformation and death™.

Further experiments revealed that capacitive Ti implants
made from carbon-doped TNTs can achieve antibacterial
effects upon charging without impairing the growth of
osteoblasts. The EET effect is more pronounced on positively
charged surfaces than that on neutral ones, likely due to the
inherent negative membrane potential of bacteria™”.
Additionally, under NIR light conditions, TNTs enhanced with
rare-earth nanoparticles and Au nanoparticles can utilize the
up-conversion effect to increase the energy of photoelectrons,
thereby enhancing the bactericidal effect of the photo-
responsive EET mechanism™,

5 Summary

1) Physical antibacterial approaches on the surfaces of Ti-
based biomaterials are reviewed, and a schematic diagram
summarizing the antibacterial mechanisms of these physical
approaches is presented in Fig. 8. Generally speaking, the
interactions between bacteria and Ti-based implant surfaces
are mainly determined by two aspects. On the one hand, the
physical properties of implant surfaces as well as physical
stimulus approaches, such as the topography (especially the
nanomor-phology), wettability, charge, and exogenous light,
can tailor the cell fate of bacteria by contact-killing
mechanism, anti-protein-adsorption, photocatalysis effect,
EET, etc. On the other hand, the antibacterial behavior at
different bacterial growth phases (lag phase, logarithmic
phase, stationary phase, and death phase) can be categorized
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as anti-initial adhesion, anti-proliferation, bactericidal effect,
and anti-biofilm formation.

2) Many physical antibacterial surface modifications on Ti-
based biomaterials have achieved success in vitro.
Nonetheless, most of these strategies have yet to be applied in
vivo or even clinically. It can be anticipated that more
promising physical antibacterial approaches will be developed
and adopted to address Ti-based implant-related infections.
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