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The use of titanium dental implants to replace missing teeth represents an

important field of daily dental practice worldwide, which is highly reliable for

long-term survival and success rates. However, titanium dental implants still

have intrinsic problems that cannot meet the clinical requirements. Improving

the performance of implants is an increasingly important area of dental research

to reduce infection rates. Improved properties can be achieved by two main

methods: 1) the overall change in the materials by changing the elemental

composition and 2) surface modifications. This review provides an overview of

various titanium-based alloys that have been employed to achieve a higher

survival rate of implantation by adding elements ormodifying the surface, with a

special focus on their antibacterial applications. Recent developments in

titanium-based alloys containing various antibacterial agents have been

described in detail, including Cu-bearing, Ag-bearing, and Zr-bearing Ti

alloys. Moreover, the applications of bioactive coatings and 3D printing

materials with antibacterial properties are reviewed. This review aims to

highlight the antibacterial challenges associated with titanium-based alloys

to promote the further development and clinical application of antibacterial

alloys.
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1 Introduction

Population ageing is a global phenomenon, and the number of people requiring

fixation or total replacement of hard tissue is increasing (Lu et al., 2021b). Over the past

few decades, the use of dental implants has become an indispensable part of clinical

dentistry and a standard treatment procedure for dental reconstructive therapy

(Alghamdi and Jansen, 2020). It is a highly successful treatment option for replacing
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missing teeth, with a documented long-term (>10 years) survival
rate of over 90% for dental implants (Howe et al., 2019; Frisch

et al., 2020).

In recent years, titanium-based alloys have been widely

applied as dental implants because of their competitive

properties, including excellent corrosion resistance,

biocompatibility, non-magnetic properties, and non-toxicity

(Liu et al., 2018; El-Bagoury et al., 2019). As a desirable

material for implants, titanium-based alloys should have

certain properties, such as a proper elastic modulus,

antibacterial properties, and a higher osseointegration rate. A

thin passive oxide layer is formed on the titanium-based implant,

whichmakes it stable in bodily fluids and resistant to corrosion. It

also facilitates osseointegration into the surrounding bone tissue

(Prestat and Thierry, 2021).

However, pure titanium has no antibacterial property;

therefore, bacteria tend to adhere to the neck of implants,

resulting in peri-implant disease (Buser et al., 2002; Zadpoor,

2019). Infections, especially during or after implantation

surgery, are serious complications for patients and cause

huge pain and economic burden on them (Shimabukuro,

2020). Generally, patients need systemic antibiotic

treatment to prevent infections after surgery, but the rising

bacterial resistance can make existing antibiotics ineffective

(Park et al., 2019). Invasive therapies used to fight infections,

such as implantoplasty, might lead to other adverse outcomes

(Toledano-Serrabona et al., 2021). In general, interactions

between bacteria and materials can be divided into four

stages. The primary step in this process is bacterial

adhesion to the metal surface. The secondary step is the

colonisation of bacteria on the metal surface. The third

step involves biofilm formation and maturation. The final

step is the proliferation of the bacteria (Zhang et al., 2021a).

Many studies have reported that peri-implant infections are

usually related to the formation of biofilms, which can protect

bacteria from fluid shear stress and pharmacological therapies

to a great extent (Norowski and Bumgardner, 2009; Quinn

et al., 2020). The concentration of antibiotics at the focal site is

insufficient, leading to rapid proliferation and secretion of

extracellular polymers to form a biofilm after some pathogens

assemble and adhere to the surface of the implant (Gristina

and Costerton, 1985). Moreover, once a biofilm has formed, it

will be extremely difficult to remove completely. Bacterial

adhesion is also the critical stage of biofilm formation on teeth

and subsequent tooth demineralization, especially the tissues

around the oral treatment instruments are attached to more

easily by bacteria (Fan et al., 2021). Worse still, it is difficult to

clean by mechanical methods or mouthwashes. Taken

together, it is of great significance to enable titanium-based

implants, restorations or orthodontic archwires to be resistant

to biofilm formation and to possess long-term antibacterial

properties.

The agar diffusion plate test, plate-count method, live/dead

stain, and dilution method can be used to assess antibacterial

properties in the laboratory (Zhang et al., 2021a). According to

SN/T 2399-2010, a material is considered antibacterial if the

antibacterial rate is > 90%.When the antibacterial rate is less than

90%, the material has certain antibacterial properties; however, it

is not an antibacterial material. When the antibacterial rate is >
99%, the material exhibits strong antibacterial properties (Lei

et al., 2020). In addition, the methods commonly used to quantify

the microbial biofilm or to observe the morphological changes

include colony forming unit (CFU), scanning electron

microscopy (SEM), confocal laser scanning microscopy

(CLSM), real-time quantitative polymerase chain reaction,

fluorescence in situ hybridization (FISH), etc. (Scheeren Brum

et al., 2021). The methods like crystal violet assay, percentage

transmission (%T) or percent transmittance (%T) and XTT

reduction assay are characterized by high reliability, low-cost

effectiveness and high sensitivity (Dhale et al., 2014). More

recently developed methods of biofilm detection are ultrasonic

Coda Wave Interferometry (Chen et al., 2021a), MgZnO dual-

gate TFT biosensor (Li et al., 2020a), real-time quantitative

polymerase chain reaction (Ríos-Castillo et al., 2020),

Electrochemical detection (Abdelraheem et al., 2020), ect.

These detection methods are more sensitive, lower

consumption, more suitable for rapid detection, and the test

results are more reliable and accurate.

This review focuses on various promising methods to

improve the antibacterial properties of titanium dental

implants as well as their relative mechanisms.

2 Titanium alloys with antibacterial
elements copper and silver

Currently, inorganic elements added to alloys as antibacterial

agents mainly include antibacterial metallic elements, such as

silver (Ag) and copper (Cu). Copper is an essential trace element

in organisms and plays important role in human health, as well as

in the maturation of the nervous, haematopoietic, bone, and

other systems (Wang et al., 2021). Owing to its excellent

properties in protecting the cardiovascular system, exerting

antibacterial effects, and promoting bone fracture healing

(Ren et al., 2015), Cu has become an important alloying

element in many alloys such as Ti-Cu alloys (Borkow, 2012;

Zhuang et al., 2021). Ag, due to its well-performing antibacterial

and anti-biofilm formation capability, has been used as an

antibacterial agent for thousands of years. Various Ag-related

techniques have been introduced to modify biomedical devices

for improved anti-infective properties, including doped solid

coatings, nanoparticle-loaded thin films, hydrogel materials,

and alloy applications (Zhang et al., 2021a). The titanium

alloys containing antibacterial elements are listed in Table 1.

Frontiers in Materials frontiersin.org02

Ma et al. 10.3389/fmats.2022.999794

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.999794


2.1 The antibacterial mechanism of copper
and silver element

The antibacterial and antifungal mechanisms of Cu have

been studied for a long time, involving the release of ionic copper

from the surface and bacteria-metal contact. A large number of

bacterial species, fungi, and viruses are vulnerable to copper,

although some bacteria may be tolerant rather than resistant to

copper (Grass et al., 2011; Borkow, 2012).

According to the classic view, the antimicrobial activity of Cu

is based on its ability to form deleterious hydroxyl radicals via a

Fenton-like mechanism. The direct production of reactive

oxygen species (ROS) not only causes damages to lipids,

proteins, membrane and DNA but also depletes bacterial

antioxidants (Fu et al., 2014). The binding of the Cu2+ to the

copper-binding site of the DNA will leads to disorders in helical

structures and the denaturation of deoxyribonucleic acid (DNA)

(Borkow and Gabbay, 2005). Cu impairs the function of cell

membranes by peroxidizing lipids in the bilayer (Hong et al.,

2012). It has also been suggested that the membrane damage

caused by Cu is associated with the fact that Cu ions can interact

with sh-groups and lead to their inactivation (Fu et al., 2014). The

influence of Cu on proteins can come from two aspects. First, Cu

is capable of inhibiting the expression of related genes of bacteria

TABLE 1 Summary of various alloys containing antibacterial elements.

Material Composition Manufacture
method

Tested
bacteria

Antibacterial
effects

The antibacterial
mechanism

References

Ti6Al4V-
5Cu/
Ti6Al4V

Ti6Al4V powder and
Ti6Al4V-5Cu powder

Selective laser melting
(SLM) with computer-
aided design data (CAD)
modeling

S. mutans This alloy significant against
sessile bacteria and reduce
biofilm formation, has little
antibacterial effect on
planktonic bacteria.

Down regulate the
expression of genes related
to bacterial adhesion and
acid production

Fan et al.
(2021)

Ti6Al4V-
xCu

Commercial Ti6Al4V powder
and commercial pure Cu
powder Cu content: 2, 4, 6wt%

Selective laser
melting (SLM)

E. coli The antibacterial rates against
E. coli and S. aureus:

The release behavior of
Cu ion

Guo et al.
(2017)

S. aureus Ti6Al4V-2wt.%Cu: 51.54% and
60.94%

Ti6Al4V-4wt.%Cu: 97.40% and
93.56%

Ti6Al4V-6wt.%Cu: >99%
Ti-xCu Purity titanium powder

(99.99%) and purity copper
powder (99.99%) Cu content:
2, 5, 10, 25wt%

Powder metallurgy E. coli The antibacterial rates against
E. coli and S. aureus:

The release behavior of
Cu ion

Liu et al.
(2014a)

S. aureus Ti-2wt% Cu: 57% and 79%

Ti-5wt% Cu: 99.2% and 99.0%

Ti-10wt% Cu: >99.99%
Ti-25wt% Cu: >99.99%

Ti-xCu Cu content: 3, 5, 7wt% — S. aureus The antibacterial rates against S.
aureus:

The release behavior of
Cu ion

Zhang et al.
(2021b)

Ti-3wt% Cu: 92.5%

Ti-5wt% Cu: 99.4%

Ti-7wt% Cu: 99.99%

Ti-xCu Commercial pure titanium
and copper Cu content: 3,
5wt%

Vacuum arc melting and
Selective acid
etching (SAE)

S. aureus The antibacterial rates against S.
aureus:

The release behavior of Cu
ion; “Contact killing” of
Ti2Cu phase

Lu et al.
(2021a)

Ti-3 wt% Cu: 79%,

Ti-5 wt% Cu: 87%

Ti-3Cu-SAE: >99.9%
Ti-5Cu-SAE: >99.9%

Ti-xAg Purity titanium powder
(99.99%) and purity Ag
powder (99.99%) with 75 μm
and 10 μm in size Ag content:
1, 3, 5wt%

Powder metallurgy S. aureus The antibacterial rates against S.
aureus:

“Contact killing” of Ti2Cu
phase

Chen et al.
(2016)

Ti-1Ag(S75): about 15%

Ti-3Ag(S75): about 15%

Ti-5Ag (S75): 85.2%

Ti-1Ag(S10): 32%

Ti-3Ag(S10): about 98.2%

Ti-5Ag (S10): 99.99%
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(Li et al., 2016c). And second, Cu ions may change the structure

of proteins, or disrupt the enzyme structure and function by

binding to the sulfur-containing or carboxylate - containing

group (Sterritt and Lester, 1980). Specifically, the bacterial

killing process runs as follows. First, Cu dissolves from the

Cu-containing surface or material and causes cell damage.

The cell membrane ruptures leading to a loss of membrane

potential and cytoplasmic content. Next, the generation of ROS

causes further cell damage by acting on proteins and lipids and

finally genomic and plasmid DNA is degraded, leading to cell

death (Grass et al., 2011). More explicit information regarding

the mechanism is presented in Figure 1. Additionally, membrane

depolarization is also considered to be one of the main

mechanisms of Cu ions’ antimicrobial activity (Santo and

Lam, 2011; Warnes et al., 2012; Fan et al., 2021). Copper ions

can bind to negatively charged regions of the bacterial cell

membrane (both outer and inner), reducing the potential

difference and causing membrane depolarization. Membrane

leakiness or even rupture can occur when the potential

difference decreases to zero.

Ag is also regarded as one of the most promising antibacterial

agents (Ferraris and Spriano, 2016). Despite extensive research

on Ag, the precise mechanism of antimicrobial effect remains to

be defined. Similar to Cu, the most probable antimicrobial

mechanism of silver compounds may include extensive

disruption of cellular functions due to the interference with 1)

cell membrane or 2) intracellular biomolecules including

enzyme, protein and DNA (Yan et al., 2018), 3) the induction

of oxidative stress by metal-mediated reactive oxygen species

generation, culminating in associated oxidative damages

(Morones-Ramirez et al., 2013). Sukumaran and Eldho

described the mechanism by which silver ions prevent cell

function and induce cell death by interacting with the

bacterial membranes (Sukumaran and Eldho, 2012). Similarly,

(Iqbal et al., 2015) proposed that silver ions interact with the

proteins and enzymes of the germ membrane to cause cell

damage. Upon contacting Ag ions, the zeta potential of the

cell surface changes, causing cell membrane

hyperpermeability, membrane depolarization and a decreased

respiratory potential. At last, the disturbance of membrane

integrity leads to an irreversible cell damage and consequently

to cell death (Gomaa, 2017). Mocanu et al. (2014) thought that

silver ions penetrate the cell membrane, bind to bacterial DNA,

and inhibit the bacterial replication. Although Ag ions cannot

donate or receive electrons, the electron transfer between Ag

nanoparticles and the titanium substrate may cause a reactive

oxidation stress (Wang et al., 2017). However, there have been

some reports of bacterial resistance to the ionic silver (Losasso

et al., 2014). Such resistance may involve the reduction of Ag ions

to the less toxic neutral oxidation state or the active efflux of Ag

FIGURE 1
Schematic representation of the hypothetical scenario for the antibacterial mechanism of Cu2+.
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ions from the cell by P-type adenosine triphosphatases or

chemiosmotic Ag+/H+ antiporters (Silver et al., 2006).

However, there is an inevitable problem. Ag, which is

different from Cu, tends to accumulate in the human body

and increase the level of serum Ag, which is harmful to

human health (Masse` et al., 2000).

2.2 Copper-containing titanium alloys

2.2.1 Ti-Cu alloys
One of the basic requirements of novel materials used in

biomedical sciences is their cytocompatibility. Cu is a highly

bioactive element that exhibits strong bactericidal and cytotoxic

effects (Park et al., 2013). The World Health Organization

recommends that an adult should take copper 0.03 mg/kg per

day and the tolerated amount is 10 mg (Filippini et al., 2018). Liu

et al. (2014a) found that the antibacterial rate can be greater than

99% when the Cu immersion concentration is greater than

0.036 mg/L which is far less than the recommended daily

intake. To a certain extent, Cu-bearing Ti alloys are safe.

Recently, due to the antibacterial activity, Ti-Cu alloys have

attracted more attention, followed by meaningful advances. A

case in point is that the hydrogen fluoride (HF) etching +

anodised Ti-Cu alloy possessed strong antibacterial properties,

good biological compatibility, and osteogenic ability. Among

these, increasing the Cu content contributed significantly to

antibacterial and osteogenic properties, and a higher and more

stable antibacterial rate was obtained when the Cu content was ≥
5% (Zhang et al., 2021b). Liu et al. (2014a) also agreed that at least

5 wt% Cu is necessary for stable antibacterial properties.

However, the antibacterial properties of Ti-Cu alloys are not

always positively correlated with copper content. Zhang et al.

(2016a) reported that after different treatment methods, Ti-5Cu

alloy exhibited a much higher antibacterial rate than Ti-10Cu

alloy, which may be due to the different existing forms of Cu in

the alloy. They also noted that the contact sterilisation caused by

the Ti2Cu phase was the main controlling mechanism for the

antibacterial capabilities of Ti-Cu alloys, and fine Ti2Cu phases

with a higher surface area could result in better antibacterial

ability. Many studies have obtained similar results, showing that

a high-volume fraction of the Ti2Cu phase (or Cu-rich phase)

improves the antibacterial ability of the Ti-xCu alloys (Fowler

et al., 2019b; Lu et al., 2021a). By incrementally adding the Ti2Cu

phase to alloys, some treatments may improve their antibacterial

ability. The heat treatment process can change the existing form

of Cu, which in turn affects the final antibacterial activity of the

titanium alloy (Zhang et al., 2016a). Likewise, the ageing

treatment improved the antibacterial property owing to the

large amount of nano-scale Ti2Cu precipitated from the

matrix. Lu et al. (2021a) prepared special Ti-Cu samples by

selective acid (SAE) etching to further improve their antibacterial

properties. The results showed that more Ti2Cu particles were

exposed on the surface of the samples after SAE, and the

antibacterial activity against Staphylococcus aureus (S. aureus)

was significantly enhanced. Moreover, the morphology of the

Ti2Cu phase also affected the antibacterial properties of the Ti-

Cu alloy. In research conducted by Xin et al. (2022), it was found

that the lamellar Ti2Cu phase (L-Ti2Cu) has a higher Cu ions

release rate than the granular Ti2Cu phase (G-Ti2Cu), which is

due to the formation of elongated ‘‘micro-galvanic cell” between

L-Ti2Cu phase and α-Ti matrix. An increased Cu ion release rate

can improve the antibacterial activity of Ti-Cu. Such a galvanic

cell, in addition, will deplete the electrons in the system and even

inhibit the power of protons, which is not conducive to the

formation of ATP (adenosine triphosphate) in bacterial cells (Li

et al., 2016a; Wang et al., 2019).

2.2.2 Ti-6Al-4V-xCu alloys
Ti-6Al-4V, which has excellent biocompatibility coupled

with superior mechanical properties, accounts for over 50% of

all commercially used titanium alloys (Quinn et al., 2020).

Adding Cu element to Ti-6Al-4V offers a means not only to

improve the mechanical properties, but also, crucially, to

improve the antibacterial activity. Some research indicated

that Ti-6Al-4V-5Cu behaved better wear resistance and higher

hardness than Ti-6Al-4V (Wang et al., 2015). Xu et al. suggested

that cell viability and corrosion resistance of Ti-6Al-4V-5Cu was

better than Ti-6Al-4V. Meanwhile, this alloy showed prominent

antibacterial ability. They speculated that the improvement of

antibacterial property of Ti-6Al-4V-5Cu might be related to the

contact sterilization via the extensive precipitation of Ti2Cu (Xu

et al., 2021). In the study of Ren et al. (2014), they examined the

antibacterial ability of Ti-6Al-4V- xCu (x = 1, 3, 5 wt%) and

found that these alloys showed strong abilities to kill the sessile

bacteria. Furthermore, with the increase of the Cu content, the

antibacterial activity of the Ti-6Al-4V- xCu alloys was advanced.

By using co-culture, they found Ti-6Al-4V-5Cu is capable of

killing nearly all bacterial colonies (Ren et al., 2014). In addition,

extra treatment and heat treatment, for example, can improve the

Ti-6Al-4V-Cu antibacterial property (Macpherson et al., 2017;

Peng et al., 2018). This may occur because the content, amount

and size of Ti2Cu in Ti-6Al-4V- xCu increased after the heat

treatment, and the greater effective contact surface area exposure

brings better antibacterial ability (Xu et al., 2021).

2.2.3 Ti-Zr-Cu alloys
Recently, Ti-Zr alloys have been developed for dental

applications which are comparable to those of the

commercially pure titanium (cp-Ti) (Niinomi, 2003).

Zirconium (Zr), which is a neutral element, is a transition

metal with an atomic number of 40 and an atomic weight of

91.22 amu. Zirconium belongs to Group 4 (according to the new

IUPAC name) in the periodic table and is identical to titanium

and hafnium. Thus, no wonder it has a similar chemical structure

and properties to titanium. Additionally, Zr, similar to Ti, is
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biologically inert and is well accepted by the human tissue

(Steinemann, 1998). Ti-Zr alloys are non-toxic and exhibit

superior biomechanics compared to cp-Ti. Moreover, the use

of Ti-Zr alloys can further improve the mechanical properties of

implants. The hardness of the Ti-Zr alloys increased with

increasing Zr content and ranged from 266 HV (Ti-10Zr) to

350 HV (Ti-40Zr) (Ho et al., 2008). Ti-45Zr has the optimum

strength/elastic modulus ratio and osteogenic activity, which

would be advantageous for reducing the fracture risk of

implant materials (Ou et al., 2021). Due to these properties,

Ti-Zr alloys are suitable for making narrow dental implants

(NDIs), which are an alternative treatment when there is

insufficient bone for regular implants (Gonzalez-Valls et al.,

2021).

The corrosion behaviour of implant materials strongly

influences foreign body reactions in the vicinity of the

implantation site and thus plays a significant role in the

biocompatibility of implants. Ti is well known for its high

corrosion resistance (Medvedev et al., 2016). When exposed to

oxygen, Ti-Zr alloy forms a stable oxide layer on its surface

within nanoseconds, like titanium, which makes it a highly

biocompatible and corrosion-resistant metal (Fujita, 1993).

Akimoto et al. (2018) found that 90% fewer Ti ions were

released from Ti-30Zr than from pure Ti after 1 week of

immersion in a physiological fluid. This indicates that the

ZrO2 film is more stable and resilient to dissolution as

compared to the Ti oxide, and the addition of Zr can

significantly reduce Ti ion dissolution, further reducing the

implant-induced foreign body reaction.

Despite the excellent biocompatibility of Ti-Zr alloys, the

deficiency of antibacterial activity is a disadvantage associated

with Ti-Zr implants. To prevent infection and ensure high

success rates in clinical applications of medical devices and

implants made from Ti-Zr alloys, antimicrobial performance

should be improved. Chen et al. (2020) confirmed that Ti-Zr

has a lower occurrence of Candida Albicans (C. Albicans)

which might be clinically advantageous for medical devices,

but the antibacterial mechanism still needs to be explored. To

further improve the antibacterial properties of Ti-Zr alloys,

adding antibacterial elements like Cu to improve their

antibacterial properties is a good choice. Kolawole et al.

(2020) confirmed that adding Cu to Ti-Zr alloys did not

result in a decrease in the mechanical properties. They

investigated the bactericidal effect of Ti-15Zr-xCu (3 ≤ x ≤
7, wt%) on the survival of Escherichia coli (E. coli) and S.

aureus. The results show that the antibacterial ability of such

alloys is as high as 98.2%; thus, their antibacterial performance

has been confirmed. Lee et al. claimed that the Ti-Nb-Ta-Zr

(TNTZ) system showed promising properties for

biocompatibility and strength comparable to those of Ti-

6Al-4V. The alloys in the range of 3–10 wt% Cu all had

Ti2Cu, which may cause the potential antibacterial ability

of the material (Fowler et al., 2019a). Shi et al. developed a

new titanium alloy, Ti-13Nb-13Zr-5Cu (TNZ-5Cu), with a

low elastic modulus and good antibacterial properties. It

exhibited strong antibacterial ability (>90%) against S.

aureus, which increased with the extension of the ageing

duration owing to the precipitation of the Ti2Cu phase (Shi

et al., 2021). It has been reported that Ti-13Nb-13Zr-10Cu has

antibacterial activity against S. aureus and a low elastic

modulus of 66 GPa, which might reduce bacterial infection

and “stress shielding” in bone implants (Ke et al., 2019).

2.3 Silver-containing titanium alloys

2.3.1 Ti-Ag alloys promising antimicrobial
materials

In the past few years, Ti-Ag alloys have become promising

antibacterial candidates. Many studies have shown that Ag

content is related to antibacterial properties, and a high Ag

content usually results in a high antibacterial activity (Chen

et al., 2017; Lei et al., 2020; Shi et al., 2020). However, too

much Ag works contrary to expectations. In a study by Nakajo

et al. (2014), with up to 30 wt% Ag, Ti-Ag alloys had no effect

on bacteria. Ti2Ag, like Ti2Cu, plays an important role in the

antibacterial ability of the Ti-Ag alloys (Chen et al., 2017). Ag

ion release contributed to the antibacterial effect, while Ti2Ag

particles were the key factors in contact with the germs.

Surface treatments such as acid etching can further

enhance the antibacterial properties of Ti-Ag alloys by

exposing more Ti2Ag particles (Lei et al., 2020; Shi et al.,

2020).

2.3.2 Other silver containing titanium alloys
According to Macpherson et al., selective laser melting Ti-

6Al-4V containing 0.5 wt% Ag appeared to possess little

antibacterial effect, possibly due to the low alloying content

(Macpherson et al., 2017). In order to achieve effective

antibacterial rates (>99%), the addition of Ag should be at

least 3 wt% (Chen et al., 2016).

Young’s modulus mismatch between the metallic

prosthesis and human bone results in a stress shielding

effect, which has been identified as a major reason for

loosening or failure of the implants (Alqattan et al., 2021).

Ti-Ni alloys are commonly used in orthodontics for shape

memory and other applications. They display a lower Young’s

modulus than human bone. In addition, the results obtained

by Zheng et al. (2011) showed that the number of bacteria on

Ti-Ni-Ag alloy samples was less than that in other groups. Ti-

Ni-Ag alloys may provide a new solution to this modulus

problem. However, some reports claim nickel is harmful

(Zhao et al., 2018; Pan et al., 2020).

Ag can also be added to the Ti-Nb alloy to obtain an alloy

with lowmodulus and better antibacterial activity. Karbowniczek

et al. (2017) confirmed that Ti-Nb-1Ag showed antibacterial
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TABLE 2 Summary of studies about surface modification.

Substrate
material

Coating material Treatment
processing

Tested bacteria Antibacterial
effects

The antibacterial
mechanism

References

Ti Zn Micro-arc
oxidation (MAO)

E. coli The specimens incubated
exhibited antibacterial
activity against E. coli, while
the specimens before
incubation did not.

Zn was converted to ZnO,
and ZnO could
produce ROS

Shimabukuro
et al. (2019)

Ti Zinc substituted
hydroxyapatite/bismuth
substituted
hydroxyapatite (Zn-
HA/Bi-HA) biphasic
coatings

Sol-gel and dip-
coating processes

E. coli The specimens showed
antibacterial activity against
E. coli and S. aureus

The toxicity of zinc and
bismuth ions to bacteria

Bi et al. (2020)

S. aureus

Ti A layered double
hydroxide (LDH)
composed of Ga and Sr

Hydrothermal
method and calcined
in 250°C

E. coli The antibacterial rates
against E. coli and S. aureus:

The Ga3+ could destroy
the bacterial iron
metabolism; local alkaline
environment; the
production of ROS

Li et al. (2022)

S. aureus LDH: 54.2% and 58.2%

LDH250: 86.9% and 87.1%

The anti-biofilm effects
against E. coli and S. aureus:

LDH: 68.5% and 74.7%

LDH250: 82.9% and 82.0%

Ti LL37-loaded NP
samples (NP/LL37)

Anodic oxidation
treatment and
simplified
lyophilization
method

S. aureus MRSA Bacterial concentrations of
S. aureus (on surface and in
medium):

The carpet model, barrel
stave model and toroidal
pore model of LL37

Shen et al. (2019)

NP:3.7 × 104 and 6.2 ×
104 cfu/ml

NP/LL37:0.3 × 104 and 1.8 ×
104 cfu/ml

Bacterial concentrations of
MRSA (on surface and in
medium)

NP: 2.4 × 104 and 1.9 ×
104 cfu/ml

NP/LL37: 0.5 × 104 and
1.2 × 104 cfu/ml

Ti MnO2, IR780 photo-
sensitizer and
polydopamine (PDA).

— E. coli The antibacterial rates: The synergistic action of
both ROS and
hyperthermia

Teng et al. (2020)

S. aureus E. coli: 99.89%

S. aureus: 99.94%

Ti Calcium phosphate and
chlorhexidine

Pulsed
electrodeposition

E. coli 0.75mM and 1.5 mM
chlorhexidine inhibited S.
aureus and E. coli

The toxicity of
Chlorhexidine

Vidal et al. (2021)

S. aureus

Ti6Al4V Hydroxyapatite and Ag
nanoparticles

PEO treatment E. coli Could eradiated S.aureus
and E. coli

The toxicity of Ag
nanoparticles

Sobolev et al.
(2019)S. aureus

Ti6Al4V Fluorine-doped TiO2

layers with controlled
nanostructure

Anodizing
treatments

S. epidermidis There is a slight decrease in
the overall biofilm
accumulation, both for S.
epidermidis as for E. coli.

Nanostructure decreased
bacterial adhesion and
fluorine showed
antibacterial properties

Perez-Jorge et al.
(2017)S. aureus

E. coli

P. aeruginosa

C. albicans

Ti6Al4V F-P doped Bottle-
shaped TiO2

nanotubes (bNT)

Anodizing
treatments

S. aureus Bacterial adhesion
decreased on bNT Ti-6Al-
4V compared to CP Ti-
6Al-4V:

Effects of Al on cell
membranes and enzymes

Aguilera-Correa
et al. (2019)

S. epidermidis S. aureus: 20%

E. coli S. epidermidis: 45%

P. aeruginosa E. coli: 9%

Stenotrophomonas
malthophilia

P. aeruginosa: 2%

S. maltophilia: 80%

(Continued on following page)
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activity of 71.4% against E. coli. Ou et al. obtained similar results.

Ti-27.5Nb alloy with 0.2–1.2 wt% Ag showed an extremely

strong antibacterial effect (>90% against both S. aureus and

E. coli) (Ou et al., 2017). Cai et al. (2021) designed a novel

Ti-13Nb-13Zr-12.5Ag alloy in an ageing state with a low elastic

modulus of 79 GPa and strong antibacterial activity. They

suggested that the precipitation of Ag-rich phase is a leading

cause of antibacterial properties, and high amount of the Ag-rich

particle resulted in a high antibacterial ability. However, the

presence of Ti2Ag phase will increases the Young’s modulus.

Therefore, how to balance them is still a challenge for the develop

of low modulus antibacterial titanium alloy.

TABLE 2 (Continued) Summary of studies about surface modification.

Substrate
material

Coating material Treatment
processing

Tested bacteria Antibacterial
effects

The antibacterial
mechanism

References

Ti6Al4V
scaffolds (3D
printed)

PDA/heparin/
vancomycin (TS-M and
TS-M/P/V)

MAO and PDA/
heparin/vancomycin
treatments

MRSA Average bacterial counts in
the TS-M/P/V group were
significantly lower than
those from the TS and TS-
M groups

The pH-responsive
release of vancomycin

Zhang et al.
(2020)

FIGURE 2
Schematic illustration of various factors that influence bacterial adhesion. Bacterial adhesion is governed by diverse surface properties including
surface roughness, charge, wettability, and topography. Other factors, such as the peri-implant environment, site-specific microbiota, and host
response, can also affect bacteria-surface interactions.
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3 Surface modification

Surface modification is a promising approach for improving

the antibacterial properties of Ti-based alloys. This section

summarises representative strategies for surface modification

for antibacterial purposes (Table 2).

3.1 Antibacterial effect of surface
properties

For dental implants, the overwhelming majority of

commercial surface modifications focus on changes in the

roughness of the titanium surface, primarily on improving

the bone-healing process and osseointegration capability.

Bacterial-surface interactions, especially the process of

bacterial adhesion, may be affected by several surface

properties of materials, such as roughness, surface energy,

surface charge, surface wettability, and topography. In

addition, other factors such as the peri-implant environment,

site-specific microbiota, and host response can also be affected

by bacteria-surface interactions, as illustrated in Figure 2

(Belibasakis and Manoil, 2021). Therefore, various strategies

have been developed to prevent biofilm formation at an early

stage by engineering the anti-adhesive surface properties.

The desired as-modified surface should promote osteoblast

adhesion and improve osseointegration but reduce the

colonisation of bacteria, which is, in part, a conflicting

demand. It is generally assumed that rougher surfaces

promote bacterial biofilm formation because the surface area

for adhesion is larger than that of flat surfaces, thereby protecting

bacteria from shear forces. However, Lorenzetti et al. (2015) have

shown in their study how the microscopic roughness

dramatically affects bacterial adhesion, i.e., peak-to-peak

distances equal to or larger than the bacterial size that could

facilitate bacterial attachment (Figure 3). This is because bacteria

can adhere to the grooves and are protected from direct exposure

to external forces. As a result, structures with gaps smaller than

the bacterial size provided only contact points for bacterial

adhesion on the surface, reducing the contact area and the

number of bacteria that successfully attached to the surface.

In addition, surface energy is believed to play a key role in the

adhesion process. According to general results, the surface energy

increases with increasing roughness of the Ti or TiO2 panel

(Rupp et al., 2006). The surface energy of approximately 42.5 mJ/

m2 (1 mJ/m2 = 1 mN/m) was most effective at restricting the

FIGURE 3
Average fraction of adhered bacteria on Ti NT, TiA, TiA-UV, TiB, and TiB-UV samples versus. (A) Peak-to-valley height (filled symbols) and Ra
roughness (open symbols) within themachined grooves in comparisonwith glass and polypropylene (PP) surfaces and (B) peak-to-peak distance. (C)
Height versus distance profiles for Ti NT, TiA, and TiB samples. (D) Gfp-E. coli stained with Live/Dead kit on Ti NT (Lorenzetti et al., 2015).
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proliferation of bacteria. The study by Bassouset al. (2019) also

supported that the optimal surface energy (42.5 mJ/m2) could

reduce fibrosis, improve osteogenesis, and restrict the adhesion of

bacteria in a drug-free manner to prevent infection in Ti-6Al-4V

implants.

The wettability of a surface depends primarily on its surface

characteristics such as surface roughness and surface energy (Song

et al., 2019). Superhydrophobic or superhydrophilic surfaces has

been confirmed to possess antibacterial effects by reducing protein

adsorption and bacterial adhesion (Montgomerie and Popat, 2021;

Tian et al., 2022). The superhydrophobic surface is defined as a

surface exhibiting a static water contact angle (WCA) greater than

150°, contact angle hysteresis (CAH) below 10°, and sliding angle less

than 10°(Hoshian et al., 2017). As its resistance to the adhesion of

organic substances, such as blood cells and microorganisms,

superhydrophobic surface has been investigated for their use in

blood-contacting medical devices (Wu et al., 2021). In contrast,

superhydrophilic surface is generally defined by very lowWCA (less

than 10°) (Si et al., 2018). Artificial superhydrophobic or

superhydrophilic surfaces can be formed via different routes and

techniques, such as surface treatment, changing the surface

composition, or altering the surface texture. Many surface

modification methods are available for the changing of surface

wettability, such as MAO, ion irradiation (Karthikeyan et al.,

2020; Kolanthai et al., 2022), UV light irradiation, thermal

annealing or chemical treatment (Liu et al., 2014b).

Surface charge is also an important surface property that can

affect bacterial adhesion and biofilm formation on surfaces. More

bacterial adhesion was observed on positively charged surfaces,

probably because bacteria generally possess a net negative charge

owing to amino, carboxyl, and phosphate groups on their cell

wall surface (Rijnaarts et al., 1999). In addition, some studies

have shown that the surface charge also affects the subsequent

accumulation of biofilms on thematerial surface (Kao et al., 2017;

Shen et al., 2020).

Surface topography can significantly affect bacterial adhesion

and subsequent biofilm formation. It was found that specific

ranges of dimensions (i.e., height, diameter, and interspacing) of

nanopillars lead to a strong bactericidal effect (He et al., 2021),

and the mechanism was suggested to occur by mechanical

rupture of the cell. However, Jenkins et al. (2020) reported

that nanopillars did not result in mechanical rupture or cell

lysis. The deformation and subsequent penetration of bacteria

may be caused by the induction of oxidative stress within

bacterial cells upon contact with nanopillars.

3.2 Metal nanoparticles coatings on
titanium implants

As the antibiotic resistance of microbes to drugs increases,

nanotechnology provides an opportunity to resolve this problem

(Li et al., 2020c). Metal nanoparticles (NPs), which are referred to

as nanobiotics, have been proposed as novel antimicrobial agents.

They can potentially reduce or eliminate the continuous

emergence of bacterial resistance (Lee et al., 2019). Implant

surfaces functionalized by coating them with NPs were found

to have antibacterial properties as well as resistance to bacterial

adhesion (Li et al., 2020b).

Although the exact antibacterial mechanisms of NPs remain

unknown, several hypotheses have been proposed. It is generally

believed that the main antibacterial mechanism is the interaction

between bacteria and ions released from the NPs (Panácek et al.,

2006; Mcquillan et al., 2012; Dorobantu et al., 2015). Under

humid conditions, the ions released from NPs can induce excess

ROS generation (Applerot et al., 2009; Wang et al., 2017;

Korzekwa et al., 2021), which can kill bacteria by destroying

intracellular biomolecules (Choi and Zhiqiang, 2008). The

possible antibacterial mechanisms of NPs are shown in

Figure 4. Although NPs do not release ions and electrons

under dry conditions, some studies have demonstrated that

they still possess antimicrobial properties under such

conditions. This indicates that direct contact is a potential

antimicrobial mechanism (Sami et al., 2018; Loran et al.,

2019). This hypothesis was confirmed by Loran et al. (2019)’s

experiment which showed that ion production does not increase

the antibacterial effect of NPs. Moreover, the sharp edges of

nanostructures can destroy microbial membranes, thus

preventing biofilm formation, but are toxic to human cells as

well (Pashkuleva et al., 2010).

The nano-scale size can be similar to the dimensions of

water-filled channels in biofilm structures and possesses good

affinity with a negatively charged extracellular matrix.

Furthermore, their high surface-to-volume ratio also has

excellent advantages (Ding et al., 2021). The metals used for

these nanoparticles are almost exclusively heavy metals, such as

Ag, Cu, zinc (Zn), and ZnO nanoparticles, with Ag particles

being more common (Sanchez-Lopez et al., 2020). Rodríguez-

Contreras et al. (2021) fabricated a coating incorporating Ag

NPs and Ca on the surface of Ti using a new thermochemical

treatment method. This coating not only generated non-

cytotoxic surfaces and maintained the bioactivity provided

by Ca, but also endowed the surfaces of Ti with

antimicrobial activity against both gram-positive and gram-

negative bacterial strains. Similarly, Surmeneva et al. (2019)

confirmed that the calcium phosphate (CaP) layers formed on

the Ti surface by plasma electrolytic oxidation (PEO) treatment

comprised of approximate 0.02 mg/cm2 Ag nanoparticles,

hindered E. coli and S. aureus growth. Li et al. (2016b) also

proved that Ag nanoparticles with gelatin microspheres

incorporated into porous titanium showed a high

antibacterial effect on both E. coli and S. aureus. Usually, Ag

nanoparticles are reported to kill bacteria without resistance

(Sobolev et al., 2019). Unfortunately, a study (Gunawan et al.,

2013) revealed resistance, resulting from the adaptation of

nanosilver. In a study by Panáček et al. (2018), some gram-
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negative bacteria were also reported to be resistant to AgNPs

under repeated contact. Panáček et al. (2015) suggested that this

may be related to flagellin production, causing nanoparticle

aggregation. Despite resistance without genetic changes, it

cannot be handled easily. However, the pomegranate rind

extract did. There is a strategy that combines NPs and

antibiotics to overcome microbial resistance. The

combination of Ag NPs and conventional antibiotics has

been found to provide a much better antibacterial effect than

Ag NPs or antibiotics alone (Naqvi et al., 2013; Hemeg, 2017).

The enhanced microbial susceptibility to this combination

which can facilitate the entry of antibiotics into cells may be

due to the increased permeability of the microbial walls

modulated by NPs. Another reason may be that the enzymes

that play key roles in antibiotic resistance are inactivated by

NPs (Panáček et al., 2015). Another study (Sobolev et al., 2019)

found that combining up to 75% Ag NPs and 25% Zn NPs on

the implant surface had antibacterial effects on both adherent

and planktonic bacteria in vitro and in vivo. The addition of Zn

nanoparticles can reduce Ag release and enhance the

mechanical properties of the alloy.

3.3 Zinc-containing surface modification

3.3.1 The antibacterial mechanism of zinc
Similar to Cu and Ag, zinc (Zn) possesses antibacterial

properties. It is widely used as an antibacterial agent in dental

products. The antibacterial activity of Zn was relatively weak

compared to those of Ag and Cu. However, Zn ions show non-

cytotoxicity in the range from 10−6 to 10−5 M. What’s more, Zn is

a significant element in metabolism activity, which can promote

osteogenic responses and bone formation by upregulating the

pre-expression of ossification-related genes and the synthesis of

FIGURE 4
(A)Nanoparticles internalization into the cell wall and translocation. (B)Disruption of cell wall and release of intracellularmaterials. (C) Variations
in envelope composition of cell wall and extrusion of cytoplasm. (D) Probable mechanisms, include the following: metal ions uptake into cells,
intracellular depletion, and disruption of DNA replication, release of metal ions and ROS generation, accumulation and dissolution of NPs in the
bacterial membrane (Sirelkhatim et al., 2015).

Frontiers in Materials frontiersin.org11

Ma et al. 10.3389/fmats.2022.999794

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.999794


extracellular matrix (Zhang et al., 2016b; Almoudi et al., 2018;

Shimabukuro et al., 2019; Shimabukuro et al., 2020).

Zn ions have multiple antibacterial effects on bacteria by

interacting with intact cell membranes and inhibiting relative

enzyme activities (Almoudi et al., 2018). It plays a crucial role in

preventing the initial adhesion of bacteria (Singh et al., 2021).

ZnO is the chemical state of Zn, which functions by means of

ROS generation and Zn ion release. Some researchers have

suggested that ROS generation plays a leading role in the

antibacterial properties of Zn (Dutta et al., 2012; Prasanna

and Vijayaraghavan, 2015; Almoudi et al., 2018; Shimabukuro

et al., 2019).

3.3.2 Antibacterial performance of zinc-coatings
To prevent implant-related infections, various techniques

have been introduced to confer bacteriostasis to biomaterials,

such as Zn incorporation into the implant surface. The results

obtained by Petrini et al. (2006) showed that Ti oxide surfaces

modified with Zn could significantly reduce the viability of five

streptococcal oral strains. With increasing Zn content, the

bacteriostasis of the coating was enhanced, while the

cytoactivity of osteoblast cells was inhibited. Therefore, Zhao

et al. (2013) proposed a range of Zn contents in the micro-arc

oxidation (MAO) coating (from 0.199 at % to 0.574 at%) which

may be beneficial to balance cytotoxicity and antibacterial

capacity. Bi et al. (2020) fabricated biphasic Zn-HA/Bi-HA

coatings which incorporated Zn and bismuth (Bi) ions onto

titanium plates. They found that such coatings exhibited

improved antimicrobial activity against E. coli and S. aureus

and that Zn2+ ions may play an important role in this

antimicrobial action owing to the lower release rate of Bi3+

ions from the coatings. For the purpose of improving

biological properties, several other methods exist for adding

elements to the surface of implants, like plasma-based low-

energy ion implanted, ion beam or coatings prepared by wet

chemical precipitation method followed by microwave

irradiation (Karthikeyan et al., 2019; Arul et al., 2021).

3.4 Applications of other antibacterial
elements in coatings

3.4.1 Fluorine
Fluorine is a necessary trace element in the human body,

93%–97% is stored in the skeletal system (Ciosek et al., 2021).

Fluoride is essential for the proper development of bones and

teeth. It increases the proliferation of osteoblastic cells and

promotes bone formation, at the same time, inhibiting the

activity of osteoclasts; thus, leading to an increase in bone

mass (Liu et al., 2019). Therefore, fluorine compounds have

been used in the treatment of osteoporosis. In addition, fluoride

has been used in preventive dentistry for decades. They are added

tomouthwash, toothpaste, and topical gels to reduce dental caries

by inhibiting the demineralisation of the natural tooth tissue

(Goudouri et al., 2014). Fluorine also appears in surface

modifications as an antimicrobial agent (Chen et al., 2021b).

Up to now, two mechanisms of have been identified for the

antibacterial effect of fluorine-treated materials. So far, two

mechanisms have been suggested to explain the antibacterial

action of Fluorine. One such mechanism is ascribed to the

fluoride ions which can act directly as an enzyme inhibitor to

the glycolytic enzyme and enolase. And the formation of metal-

fluoride compounds is another potential mechanism. Metal-

fluoride complexes is known to inhibit proton translocating

F-ATPases and disrupt the bacterial metabolism and aciduric

capability (Zhou et al., 2018). Prepared by the MAO method or

plasma-based deposition methods, fluorine-containing coatings

have shown antibacterial abilities in many studies (Perez-Jorge

et al., 2017; Zhou et al., 2018; Zhao et al., 2019). However, some

studies have confirmed that titanium dioxide/calcium phosphide

coatings with a high fluorine content have obvious antibacterial

effects, whereas coatings with a low fluorine content lack

antibacterial activity (Zhou et al., 2018).

3.4.2 Gallium
Gallium (Ga) is a semi-metallic element in Group 13 of the

periodic table. Over the past decades, Ga has shown a potential

therapeutic effect on numerous disorders, such as bone loss,

haemostasis, hypercalcaemia, autoimmune diseases, allograft

rejection, and certain types of cancers (Kurtuldu et al., 2022).

In 2003, the citrate-buffered nitrate form was approved by the

United States Food and Drug Administration (FDA) for the

treatment of malignant tumour-related hypercalcaemia and

autoimmune diseases (Leyland-Jones, 2003). Notably, its

antibacterial effects have attracted considerable attention in

recent years. Ga ions (Ga3+) can be mistakenly absorbed as

Fe3+ owing to their similarities, which is known as “the Trojan

horse strategy” (Li et al., 2022). Iron (Fe) is an essential element

in the growth process of almost all bacteria, especially those that

are predisposed to infections in vivo. When Ga3+ is actively

transported into bacteria, it cannot be used in any metabolic

pathways and iron metabolism is disturbed, ultimately resulting

in the death of the bacteria (Minandri et al., 2014). Such an

antimicrobial mechanism makes it difficult for bacteria to evolve

resistance by reducing the uptake of Ga, as it would reduce iron

uptake as well. Furthermore, Li et al. (2022) revealed that the

alkaline microenvironment and ROS produced by the samples

could contribute to the antibacterial effect. Recent studies have

reported that Ga exerts significant inhibitory activity against

numerous bacteria, including S. aureus, E. coli, Pseudomonas

aeruginosa, and Acinetobacter baumannii (Xu et al., 2017; Cochis

et al., 2019). Owing to Ga3+ and Sr2+ ions, the implant with a

gallium-loaded SrTiO3 nanotube coating exhibited better

osteoinductivity and antibacterial properties (Qiao et al.,

2019). However, a high Ga content may decrease the

cytocompatibility of bone-related materials. Co-doping with
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cerium (Ce), which exhibits good cytocompatibility and

antibacterial properties, can mitigate the cytotoxicity of Ga

(Łapa et al., 2020).

3.5 Antibiotic-containing surface
modification

Although several disadvantages have been demonstrated,

antibiotics still play a crucial role in the treatment of

infections. The application of antibiotics to implant surfaces is

another strategy to improve their antibacterial performance.

Gentamycin is commonly used for infection therapy in the

orthopaedics (Sarin et al., 2019). Using the direct oxidation

method in Khodaei et al. (2017)’s study, gentamicin combined

with strontium-containing gelatin microspheres was synthesized

and deposited on the surface of a porous titanium scaffold, which

was found to postpone strontium release and enhance

antibacterial ability. Zhang et al. (2020) found that 3D printed

porous Ti-6Al-4V implants with vancomycin displayed a

remarkable inhibition of bone infection. Furthermore, the pH-

responsive release of vancomycin was proposed. However, from

my perspective, in vivo, the pH did not change significantly for a

long time because of homeostasis. Chlorhexidine, an antiseptic, is

a common antibacterial drug that is usually used as amouthwash.

By interacting with the negatively charged bacterial membrane,

chlorhexidine can become bacteriostatic or bactericidal as its

concentration increases. Vidal et al. (2021) reported that samples

coated with CaP and chlorhexidine which were processed by

direct ink writing (DIW), showed antibacterial ability.

3.6 Antibacterial peptides

The emergence of Antibacterial peptides (AMPs) offers new

approaches to overcoming antimicrobial resistance which is a

significant challenge in the current healthcare industry (Zhang

et al., 2021a). Lozeau et al. (2018) concluded from a series of

studies that AMPs are short (10–50), cationic (+2 to +9),

amphiphilic, and broad-spectrum antimicrobial proteins that

are part of the innate immune systems of many species,

including humans. It is difficult for bacteria to develop

FIGURE 5
Overview of mechanism of action of AMPs from Ref (Ahmed and Hammami, 2019).
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resistance owing to their antimicrobial mechanisms. Ahmed and

Hammami (2019) provided a clear picture to elucidate this, as

shown in Figure 5, in which the barrel-stave model, toroidal-pore

model, carpet-like mode and non-membrane binding activity,

receptors, and internal activity are illustrated in detail.

3.7 Photo-sensitive antibacterial surface
modification

Photosensitizers triggered by light can act as antibacterial

agents owing to their photodynamic and photothermal

properties. Under light irradiation, photosensitizers such as

MoSe2, MnO2, TiO2, ZnO, IR780 phosphorus, and graphene

oxide can generate reactive oxygen species and/or increase local

temperature, thereby killing the bacteria (Kubiak et al., 2021). For

light, visible (>410 nm or 660 nm), infrared (808 nm) simulated

sunlight (SSL), and LED have been found to be useful (Dutta

et al., 2012; Jing et al., 2020; Teng et al., 2020; Zhu et al., 2020;

Chai et al., 2021). Combined with photosensitizers, chitosan and

polydopamine (PDA) are components of the coat that enhance

biocompatibility and help absorb light (Teng et al., 2020; Zhu

et al., 2020). Zhu et al. (2020) designed a chitosan-modifiedMoS2
coating with antibacterial Ag nanoparticles was incorporated.

According to their results, the antibacterial rate of the coating on

S. aureus and E. coli was 98.66% and 99.77%, respectively, while

chitosan within the system could reduce the cytotoxicity of Ag

NPs. The advantage of photodynamic antibacterial and

photothermal antibacterial strategies is that they can eliminate

bacterial infection on implants safely and effectively within a

short time and do not cause antibiotic resistance in bacteria.

However, whether they can be applied on the surface of implants

requires further research because light cannot pass through hard

or soft tissue, and long-time infrared irradiation is harmful.

4 Antibacterial effects of 3D printing
materials

Selective laser melting (SLM) is an additive manufacturing

AM technology that can be used to manufacture metal

components. So far, bone prostheses manufactured via these

technologies have primarily been used clinically in relatively low

load-bearing areas. The currently available 3D printing

technology and new research in dentistry involve different

specialities, such as oral surgery, prosthodontics, orthodontics,

endodontics, periodontal disease, and temporomandibular joint

rehabilitation (Christina et al., 2022). In terms of prosthodontics,

3D printing technology can be applied to interim prostheses,

fixed and removable prosthodontics, etc., with the main purpose

of improving accuracy and saving time and costs (Jin et al., 2018;

Tahayeri et al., 2018). Surgical implant guides, dental implants,

and regenerative periodontology are the primary applications of

3D printing in the periodontics (Hämmerle et al., 2009; Park

et al., 2012). In addition, 3D printing has also been used to treat

TMJ diseases, including making occlusal stabilisation splints (SS)

for patients with temporomandibular disorders (TMDs) (Salmi

et al., 2013), TMJ replacement (Zheng et al., 2019), and TMJ

tissue engineering (Legemate et al., 2016). Whether used for

restorations, prostheses, or implants, the material needs to have

an antibacterial activity to reduce the occurrence of caries and

infections of soft or hard tissues (Fan et al., 2021).

Implants made by 3D printing technology possess a larger

surface area than an equally sized solid material, which increases

the difficulty of sterilising the implant because of the difficult-to-

reach internal surface (Zadpoor, 2019). However, to date, no

clear evidence has shown an increased risk of infection in 3D

printed implants (Zadpoor, 2019). Moreover, research completed

by Bassous et al. (2019) corroborated that 3D printed Ti-6Al-4V

scaffolds can exhibit antibacterial activity while improving

osseointegration. They suggested that the probable

antibacterial nature of the scaffolds might be because the

concentration of adsorbed hydrophilic proteins increased with

an increasing polar component of the surface energy. Some

researchers have improved the antibacterial effects of 3D

printed materials by adding coatings to their surfaces.

Sedelnikova et al. (2022) created Zn- and Ag-containing

coatings on the surface of 3D printing materials using the

MAO method. It confirmed that the material has good

biocompatibility and high antibacterial activity against MRSA

and E. coli. In comparison to conventional methods, this method

has greater design flexibility, therefore it enables the development

of novel implants. Cox et al. (2016) incorporated the antibiotic

(gentamicin sulphate) cement within the 3d-printed titanium-

based (Ti-6Al-4V) implants containing a reservoir. After

immersing implant models containing injected cement in

phosphate buffered saline (PBS), they observed that

gentamicin sulphate achieved a controlled release and exceed

the minimum inhibitory concentrations of S. aureus (16 μg/ml)

and S. epidermidis after 6 h (1 μg/ml).

5 Conclusion and perspectives

Ti-based orthopaedic and dental implants have been widely

used and have been successful in the past few decades. However,

the major limitations of their success in clinical applications are

poor osseointegration and bacterial infection, which are the two

main reasons for implant failure and revision surgery. Recently,

novel alloys or surface modifications designed to fight microbial

infections and enhance implant survival rates have been the focus

of intense biomedical research. In this review, we summarise

recent progress in techniques that have been explored to modify

materials with the aim of addressing issues of conventional Ti

implants, especially antibacterial applications, including the

addition of antibacterial elements in materials, NPs,
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Antibacterial peptide photosensitive coatings, and some other

surface modifications. Although these techniques have proven to

be effective in improving the antibacterial properties of implants,

they have drawbacks. For example, for novel alloys, the entire

alteration of the materials is expensive and time-consuming,

which may cause changes in the mechanical properties.

Numerous surface modification techniques have been

investigated to optimise the interfacial properties of implants

without disrupting the bulk properties of Ti biomaterials.

However, in terms of coatings of Ti biomaterial, there are

three main barriers to the design of these surfaces: 1) thin

coatings may not adhere to the substrate in some cases, 2)

long-term and stable antibacterial effects, and 3) maintenance

of an effective local antibacterial effect at the implant surface

without influencing the host response, and not causing

cytotoxicity to the tissue surrounding the implant or allowing

increased drug-resistant strains at the site. Another major setback

to implant longevity is that the implant processing and surface

modification methods could result in cracking and deteriorated

ageing resistance of the implant surface. These drawbacks have

motivated us to explore other approaches. Therefore, more

suitable methods are needed to improve implant performance.

Recently, more scholars have explored solutions from a novel

perspective. The future development direction of antibacterial

materials should be “smart” and “synergistic”. An ideal

antibacterial material should remain “bio-inert” in the absence

of bacteria, activate when bacteria are present, and kill bacteria

when they adhere to the surface. They should combine multiple

bactericidal mechanisms to synergistically improve antibacterial

efficacy and avoid resistance and should also be able to remove

dead bacteria that may cause the development of a multi-

structured biofilm and restore clean surfaces, thus

guaranteeing long-term antibacterial properties. It is common

sense that the microenvironment of biofilms is different from

that of normal tissue around infection sites. Therefore, some

substances can act as triggers for the response of antibacterial

materials. As for stimulations, in the study of Ding et al. (2021)

many products of bacteria such as enzymes, lipases, and some

external stimuli such as pH, light, and microwaves have been

reported. However, most of the process of experiments based on

that were conducted in vitro which does not represent a real

infection environment. However, the future of stimuli-responsive

antibacterial materials remains bright because of their

outstanding properties, functions, and irreplaceable advantages

over conventional therapies.

Undoubtedly, the performance of titanium-based alloys must

be further improved to adapt to inter-patient and inter-disease

variations. They will be designed and tested to fight against more

types of bacteria, especially gram-negative bacteria. The elastic

modulus of titanium-based alloys can be reduced to resemble

natural bone without damaging their properties. New-generation

titanium-based alloys should be able to fight against a wide range

of pathogens, have a long-lasting antibacterial effect, possess high

biocompatibility and stability, and shorten the treatment time.

With the advancement of technology, the cost, time, and risk will

reduce dramatically. Recent developments in materials

engineering, nanotechnology, and additive manufacturing

approaches are expected to have a considerable impact on the

medical implants industry and drive further development for the

design of a new generation of intelligent and multifunctional

orthopedic implants. The highly reproducibility, cost-

effectiveness, stability, and durability of these novel implants

will be critical factors to consider for their widespread

commercialisation. Upon fabrication of these novel implants,

the next critical step would be their implementation in clinical

practice which requires extensive in vivo experiments and long-

term performances.
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