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With the aging of population and the rapid improvement of public health and medical level in recent years, people
have had an increasing demand for orthopedic implants. However, premature implant failure and postoperative
complications frequently occur due to implant-related infections, which not only increase the social and economic
burden, but also greatly affect the patient's quality of life, finally restraining the clinical use of orthopedic im-

plants. Antibacterial coatings, as an effective strategy to solve the above problems, have been extensively studied
and motivated the development of novel strategies to optimize the implant. In this paper, a variety of antibacterial
coatings recently developed for orthopedic implants were briefly reviewed, with the focus on the synergistic
multi-mechanism antibacterial coatings, multi-functional antibacterial coatings, and smart antibacterial coatings
that are more potential for clinical use, thereby providing theoretical references for further fabrication of novel
and high-performance coatings satisfying the complex clinical needs.

1. Introduction

With the aging of global population and increases in the prevalence of
diabetes and other health problems, there have been more and more
patients suffering bone defects caused by osteoporosis, sports injury, and
accidents, seriously threatening human health and quality of life [1,2].
Accordingly, the demand for orthopedic implants has been increasing. It
has been recently reported that there are more than 7.5 million im-
plantations per year in the U.S. (e.g., joint, hip, fracture fixation devices,
spinal). In 2018, the orthopedic implant market was valued at $46.5
billion [3]. And the global orthopedic implants market is predicted to
reach $79.5 billion by 2030, almost two times the market value in 2019
[4]. Implant-related infections (IRIs) have been the most common and
complex problem in clinical orthopedics [5], which are also the most
common cause of implant failure. A rise in demand for orthopedic im-
plants also increases the risk of IAls. Infection rates range from 2 to 5%
for primary implantation, and this can double following revision surgery
[6,7]1. Biofilm formation is the essential feature of IRIs, which is involved
throughout the occurrence, development, prevention, and treatment of
IRIs [8,9]. Once formed, biofilm is difficult to eliminate [10], finally
resulting in chronic infections. Antibiotics as the traditionally most
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common strategy for treatment of infections are generally not effective
for IRIs, because they cannot go into the biofilm. In addition, antibiotics
may cause a series of problems such as cytotoxicity, and delayed bone
regeneration. What's worse, the emergency of drug resistance and
multi-drug resistance (MDR) may result from unreasonable antibiotic
use, possibly leading to more severe infections [11-14]. As a result,
implant replacement is frequently needed once IRIs occur. Besides
further pain and economic burden, amputation or life-threatening con-
sequences may occur in patients with serious IRIs.

It is necessary to prevent biofilm formation on the implant surface,
among which endowing the implant with antibacterial properties is one
of the important strategies [15,16]. Characterized by good surface
properties and variable chemical structures, the surface coating tech-
nique can endow the implants with antibacterial properties to achieve
efficient antibacterial effects, without affecting the overall material
performance. Moreover, this technique can also improve the other sur-
face properties required by the bone implants, such as wear resistance,
scratch resistance, corrosion resistance, and suitable wettability. It is
relatively easier to translate these techniques into clinical use as
compared to other strategies [17,18]. Accordingly, the antibacterial
coating techniques have attracted extensive attention recently, making it
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a remarkable field of research [19,20]. The exploitation of antibacterial
coatings on implants has also motivated the progress of novel strategies
to improve the implant. There are three major approaches for designing
antibacterial coatings on the surface of orthopedic implants:
anti-adhesion, contact-killing, and releasing-type [21]. The antibacterial
cues have been expanded from antibiotics, low-molecular organic com-
pounds, metal ions and nanoparticles, to natural or synthetic polymers.

It should be noted that the antibacterial surfaces should be biocom-
patible and bioactive since their main function is to form osseointegra-
tion. The surface of orthopedic implants should facilitate proper host cell
adhesion and growth, while preventing bacterial adhesion and coloni-
zation. The balance between antimicrobial properties and biocompati-
bility is difficult to achieve because the surfaces that promote host cell
adhesion are also helpful for bacteria that share some of the similar ad-
hesive mechanisms as host cells [22-25]. The coatings that prevent in-
fections via anti-adhesion or bacteria-repelling may also limit host cell
adhesion and thus not facilitate integration with host tissues [26]. In
addition, lacking bactericidal activity, the anti-adhesion or
bacteria-repelling coating are inevitably contaminated once the bacteria
break through the coatings during long-term use. For bactericidal coat-
ings, they may be accompanied by the uncontrollable release of the
bactericidal ions or antibiotics leading to possible toxicity [27]. Hence, in
evaluating antibacterial coatings for orthopedic implants, it is urgent to
comprehensively consider the design and mechanism of antimicrobial
coatings to enhance antibacterial efficacy while maintaining biocom-
patibility and bioactivity as well as applicability in orthopedic implants
[28,29].

In recent years, with the continuous development of material science
and technology, especially biomaterials, diversified development has
been achieved in the substrate materials of orthopedic implants. New
ideas and new technologies for developing novel antibacterial coatings
are emerging to hopefully prevent and treat IRIs, prolong the service life
of implants, and better meet the patients’ needs. In view of this, the
research progress in antibacterial coatings on orthopedic implants in
recent years was reviewed in this paper. The advantages and disadvan-
tages of coatings based on different antibacterial mechanisms were
clarified, and the further research direction was discussed with the focus
on the synergistic multi-mechanism antibacterial coatings, multi-
functional antibacterial coatings, and smart antibacterial coatings that
are more potential for clinical use.

2. Infections associated with orthopedic implants

Ideal orthopedic implants should possess specific biological perfor-
mances (e.g., biocompatibility, and bioactivity), and mechanical and
chemical properties (e.g., hardness, durability, corrosion resistance, wear
resistance and similar elastic modulus to that of human bones) [12,30,
31]. While materials for orthopedic implants have advanced extensively,
there are still a number of challenges and difficulties to overcome, such as
infection and aseptic loosening which are deemed the major causes of
failure of orthopedic implants [32,33]. In addition, the biocompatible
and bioactive implant surface not only promotes the adhesion of host
cells but also causes the adhesion and growth of microorganisms (bac-
teria) [34,35]. Infections in orthopedic implants are caused by bacterial
adhesion and colonization acquired during surgery or the later func-
tioning of the implants. It is inevitable that most implants will be colo-
nized with bacteria [36]. Although tremendous advances in the quality of
healthcare, the treatment of such infections remains a challenge [16]. At
present, such infections are frequently treated with implant removal and
replacement, which will increase the mental, physical, and economic
pressure on patients [37,38]. Further, the infection may prolong patient
suffering and another surgery may be needed for the implant to be
removed. Acute and chronic infections can even result in death [39].

Bacterial adhesion, colonization, and growth into biofilms is the key
cause of IRIs. Biofilms consist primarily of bacterial colonies and
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extracellular polymeric substances (EPS) such as polysaccharides, pro-
teins, and deoxyribonucleic acid (DNA), with an extremely complex
mechanism of formation. Generally, biofilm formation is divided into the
following 5 stages [40-43]: (1) reversible bacterial adhesion, (2) irre-
versible adhesion, (3) initial biofilm formation, (4) biofilm maturation,
and (5) release of toxins and free bacteria to start a new cycle of biofilm
formation. In the first stage (initial bacterial adhesion), bacteria can
freely crawl, gather, and stack on the surface of the implant, and at that
time the bacterial adhesion is reversible. In the second stage, due to the
specific and non-specific interaction between bacteria and the proteins
adsorbed on the implant surface, proliferation and intercellular adhesion
will start, and extracellular polymers will be gradually secreted, in which
case the bacterial adhesion becomes irreversible, and the bacteria cannot
move freely due to the restraint of secretions. In the third stage, bacteria
constantly reproduce on the surface of the implant to form cell clusters of
multilayers. Small colonies and water channel structures emerge, thereby
initially forming the biofilm architecture. In the fourth stage, the small
colonies further develop into large colonies, ultimately forming
well-organized and intact three-dimensional (3D) matrix structures, i.e.,
bacterial biofilms [44]. In the fifth stage, with bacterial reproduction, the
bacteria in the already formed biofilms are released and dispersed to
prepare for new bacterial colonization and to start a new cycle, ulti-
mately causing chronic infections.

It is difficult for the immune system or the antibacterial agents to
effectively kill the bacteria in biofilms [45,46]. The sensitivity of bacteria
in biofilms to antibiotics declines by about 1000 times as compared to
that of planktonic ones. The antibacterial agents are easy to be blocked by
EPS with poor permeability to biofilms [47-49]. Acidic and anaerobic
conditions are generally present in biofilms, easily making antibacterial
agents ineffective. What's more, the bacteria in biofilms also have
tolerance to host immune responses, bactericidal agents, and disinfec-
tants [50,51]. The bacteria in biofilms can reduce their metabolic rate,
survive for a long time under an insufficient energy supply, and enhance
their drug resistance and toxicity. Accordingly, the biofilms will become
a chronic infection source [52], releasing toxins to directly harm the
human body, and releasing dissociated bacteria to cause septicemia,
toxemia, and bacteremia.

To sum up, the bacterial adhesion, colonization, and growth into
biofilms on the surface of materials is the root cause of difficulty in
treating IRIs. The key to solving IRIs lies in inhibiting bacterial adhesion
and preventing bacterial biofilm formation on the surface of bio-
materials. For antibiotics, the bacterial drug resistance is constantly
enhanced and gradually evolves from single-drug resistance to MDR and
even super-drug resistance, worsening the infections [53]. A variety of
strategies have been presented by scholars in different countries to pre-
vent bacterial adhesion and subsequent biofilm formation, most of which
are based on coating design. The emphasis of research has shifted to the
design of antibacterial coatings on the surface of implants to prevent IRIs
[54].

3. Antibacterial coatings
3.1. Adhesion-resistant coatings

The root cause of IRIs is the initial bacterial colonization and adhesion
and subsequent biofilm formation, the former of which is a key step in
biofilm formation. Studies have revealed that bacterial adhesion on the
surface of orthopedic implants is influenced with many factors. In the
reversible adhesion stage, the bacterial adhesion is closely related to the
surface hydrophilic/hydrophobic properties, surface energy, and elec-
trical conductivity of materials. Regulatory films will be produced on the
material surface due to non-specific adsorption of biomolecules such as
proteins, which will mediate the bacterial adhesion ultimately forming
biofilms. Therefore, tuning surface wettability and other physical and
chemical characteristics of orthopedic implant materials to prevent
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bacterial adhesion aboriginally are one of the important strategies for
antibacterial coating development [55]. To this end, a large number of
studies have been conducted.

Antifouling coatings on the material surface has become an important
way to inhibit bacterial adhesion through steric exclusion [56]. In recent
years, the immobilization of hydrophilic macromolecules on the surface
of materials by surface grafting and layer-by-layer (LbL) self-assembly to
construct the hydrophilic layer has become one of the most widely used
strategies for resisting bacterial adhesion. Hydrophilic polymers repre-
sented by polyethylene glycol (PEG), zwitterionic polymer, hyaluronic
acid (HA), and sodium alginate are characterized by strong activity and
non-toxicity. They can be used to fabricate coatings with ideal water
content, good hydrophilicity, and large exclusion volume, thereby
effectively resisting bacterial adhesion on the material surface [57,58].

Among the antifouling strategies, surface modification by PEG is the
most typical way. The hydrophilic groups of PEG can actively adsorb a
large amount of water, thus forming a stable hydration layer, which can
impede the adhesion of proteins and microorganisms [59]. The hydro-
philicity of PEG, the dynamic movement of the PEG chains tethered to
the surface, and the lack of binding sites make it difficult for bacteria and
other microorganisms to adhere to the coating surface [60]. With the
increase in PEG amount, the surface hydration reactivity is improved,
and its bacterial adhesion resistant ability is also gradually enhanced,
making PEG the most widely used antifouling material on the surface of
orthopedic implants. For example, PEGMAsg-Phosmet and PEG-
MAsp00-Phosmer were coated on the surface of Ti6Al4V titanium (Ti)
alloy by Cui et al. [61] using the affinity between phosphate groups and
hydroxyapatite. It was proven that the adhesion rate of Staphylococcus
epidermidis and Streptococcus mutans on the surface of the polymer
coatings is less than 1%, displaying good bacterial adhesion resistant
properties. In addition, PEGMA50-Phosmet shows better responses to
mouse osteoblast cells than PEGMAyggo-Phosmer and unmodified Ti
alloy due to the grafted phosphate groups and the appropriate PEG brush
length, which facilitate higher calcium deposition and fibronectin ab-
sorption. Thus, the coating possesses excellent application potential in
the field of orthopedic implantation. PEGMA brushes were grafted by
Chen et al. [62] on the silane coupling agent-activated Ti surface through
surface-initiated atom transfer radical polymerization (SI-ATRP), and
then surface functionalization with arginine-glycine-aspartate (RGD) was
performed. It was verified that PEG-RGD brushes can not only effectively
inhibit bacterial adhesion, but also facilitate osteoblast adhesion. Harris
et al. synthesized dendrimer-like polymer coatings (PLL-g-PEG) on tita-
nium surfaces with poly (i-lysine) and PEG and found they reduced the
Staphylococcus aureus adhesion by 89-93% compared to titanium sur-
faces with no coating. It appears that bacteria-bacteria interactions were
stronger than bacteria-surface interactions in the few bacteria that
adhered to the surface. As such, the hosts' immune systems may be able to
eliminate the bacteria before forming a biofilm and causing infections.
Moreover, the coating also promotes the attachment, spread, and pro-
liferation of fibroblasts and osteoblasts after it is functionalized with RGD
[63,64]. Although PEG with good hydrophilic properties can achieve a
good bacterial adhesion resistant effect, it has some inherent defects, e.g.,
it is prone to oxidative degradation in water environment, necessitating
further improvement [65].

Zwitterionic polymers have greater surface hydration property and
thus stronger anti-bacterial adhesion effect than the ion-free PEG. The
polymer chains of Zwitterionic polymers have the same number of evenly
distributed anionic and cationic groups at 1:1, whose isoelectric char-
acteristics enable them to repel charged proteins and bacteria, thus
showing excellent bacterial adhesion resistance. Cao et al. [66] argued
that zwitterionic polymers Methacryloyl ethyl carboxyl betaine (CBMA) -
and Sulfobetaine methacrylate ester (SBMA)-modified antibacterial
coatings can prevent biofilm formation for a longer time via effectively
inhibiting bacterial adhesion than PEG-modified coatings. Kang et al.
[67] fabricated zwitterionic polymer coatings on the surface of hy-
droxyapatite materials based on the combination of calcium ions and
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phosphate monoester and found that the coating significantly reduces the
adhesion of Streptococcus mutans on the material surface. Besides the
steric hindrance of the hydration layer, the cationic groups such as
quaternary ammonium salts, phosphorus, pyridine, and imidazole in the
zwitterionic polymers can also kill bacteria, adding additional value to
zwitterionic polymers as coating materials.

Due to the fact that polysaccharide not only can form coatings with a
stable structure and a high hydration degree to effectively prevent bac-
terial adhesion, but also possesses excellent biological properties [68,
69], such as biocompatibility, biodegradability, non-toxicity, and
non-allergenicity. Polysaccharide coating and glycosyl biomimetic
modification of implant materials is also an effective strategy to fabricate
anti-adhesion coatings. For example, anionic polysaccharides such as
hyaluronic acid (HA) can inhibit bacterial adhesion through electrostatic
repulsion interactions, as most bacteria have negatively charged surfaces
at physiological pH [70]. Researchers have paid lots of attention to
mussel-inspired modification of polysaccharides in the last several years,
which can endow polysaccharides with oxidation resistance, antibacte-
rial property, bioactivity, and biological compatibility [71]. Many fac-
tors, such as polysaccharide adsorption and proteins involved in the
process of adhesion may affect the inhibitory effect of polysaccharides on
bacterial adhesion. In addition, the anti-adhesion mechanism of poly-
saccharides against bacteria needs more detailed study in the future [72].

Currently, hydrophilic polymer coatings able to inhibit bacterial
adhesion due to their strong hydrophilic property have been widely
studied on the surface of titanium implants [73]. However, in vivo ex-
periments have proven that such hydrophilic surface coatings may also
prevent cell adhesion, which is essential for osteogenesis and implant
fixation [74]. Fortunately, the damaged cell functions can be restored or
even improved by additional bioactive molecules such as sericin and RGD
sequences while keeping good antibacterial ability [75]. The antifouling
coatings may lack long-term stable bactericidal activity, as it was shown
that bacteria will inevitably break through the hydration layer [76].
Hence, the long-term stability of the antifouling coatings needs special
attention in the following studies. The common hydrophilic antibacterial
coatings are shown in Table 1.

In addition to the above coatings, anti-adhesion coatings developed
based on hydrophobic and super-hydrophobic surface characteristics
inspired by self-cleaning surfaces such as sharkskin and lotus leaf in the
nature have been increasingly studied [118]. For example,
fluorine-containing polymer antifouling groups with low surface energy
[119,120] have been applied to the fabrication of antifouling surfaces.
Since such coatings can effectively resist the adsorption of pollutants
such as proteins and bacteria, they have displayed strong anti-bacterial
adhesion efficacy in the preclinical stage [121]. However, it is difficult
for most of such coatings to completely resist bacterial adhesion, and
their antibacterial effect is often unsatisfactory, especially in the complex
in vivo environment containing multiple biomolecules. Bioinertness may
be anticipated due to their protein adsorption resistant ability and pro-
tein adsorption is also crucial for host cell adhesion. In addition, their
wear resistance also needs further improvement. Various common hy-
drophobic antibacterial coatings are shown in Table 2.

Other novel anti-adhesion strategies have also been explored, such as
those based on the photocatalytic mechanism of TiOs, CuO, ZnO, and
other nano-metal oxides. Under light irradiation, a large amount of OH
and O3 will be generated on the surface of metal oxides. When contacting
these free radicals with strong chemical reactivity, the organic substances
in microbes can be oxidized into carbon dioxide and water, thus dis-
playing strong bactericidal ability. Among them, TiOy characterized by
high oxidation activity, good chemical stability, no toxic and side effects
on the human body, no pollution to the environment and low costs has
attracted increasing attention in the antibacterial field [130,131]. For
example, increasing the “spontaneous” hydrophilicity on the TiO, sur-
face by direct ultraviolet irradiation can inhibit bacterial adhesion
without affecting the osteogenic effect [132]. Jalvo et al. [133] studied
the photooxidative damage of self-cleaning surface functionalized by



X. Chen et al.

Table 1
Summary of common hydrophilic antibacterial coatings.
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Type Example

Antibacterial mechanism

Advantages and disadvantages

Hydrophilic
polymer

PEG and its derivatives [77,78], polyhydroxypropyl
methacrylate (PHPMA) [79], polyhydroxyethyl
methacrylate (PHEMA) [80], poly
(N-hydroxyethylacrylamide) (PHEAA) [81], etc.

Zwitterionic
polymer

Phosphatidylcholine type [93], carboxybetaine type [94],
sulfobetaine type [95], sulfonium ion type (DMSP) [96],
trimethylamine-N-oxide type (TMAO) [97].

Polysaccharide Hyaluronic acid (HA) [112], sodium alginate [113], agarose

[114], etc.

The physical barrier is mainly formed by
the interaction of spatial repulsion and
surface hydration to reduce the adhesion of
proteins and bacteria [82].

Constructing a zwitterionic self-assembled
monolayer, a zwitterionic polymer brush,
and a hydrogel containing with
zwitterionic groups [98-101].

It has good hydrophilicity with hydroxyl
groups, can form a hydrogel structure with
highly hydrated coating [115], and shows
electrostatic repulsion [70].

Advantages: Non-fouling and protein-resistant
properties [83,84]. Excellent hydrophilicity
contribute to the formation of a hydration layer
[85]. Nanoparticles can be attached with PEG
(PEGylation) to enhance their antibacterial
properties [86-88].

Disadvantages: The non-biodegradable properties
will cause it to accumulate in healthy cells'
lysosomes [89,90]. Also, it can suffer oxidative
damage in biological media and fluids, which
restricts its use for long-term applications [91,92].
Advantages: The charged species associated with
zwitterionic appear even stronger hydration than
PEG, which may enhance the antifouling properties
[102,103]. Switchable surfaces can be made with
zwitterionic materials that can shift between
cationic, zwitterionic, and anionic states depending
on the pH of the surrounding environment [104].
Zwitterionic can also be used in a variety of
nanoparticulate coatings, including gold nanorods,
silica nanoparticles, iron oxide nanoparticles, and
so on [105-107]. Furthermore, cationic groups in
zwitterionic polymers can kill bacteria by contact,
adding additional value to zwitterionic.
Disadvantages: The hydration layer will still
rupture and cannot maintain hydrophilicity for a
long time. Mechanical stability is lacking, and
antibacterial activity is only sustained for a short
period of time [108-111].

Advantages: With excellent biocompatibility,
biodegradability, and structural diversity, it can
solve some key problems such as the poor
biocompatibility of synthetic materials in vivo
[116].

Disadvantages: Due to its high activity in the
complex body fluid environment within the human
body, it is prone to chemical reactions and loss of
hydrophilicity [71,117].

Table 2
Summary of common hydrophobic antibacterial coatings.

Type Example

Antibacterial mechanism

Advantages and disadvantages

Low surface
energy coating

Polydimethylsiloxane [84], fluorinated polymers
[122-124], etc.
the surface.

Bionic structure
hydrophobic
coating

Diamond functional coating [125], super
anti-wetting nano coating [126], hierarchical
nanostructured superhydrophobic antibacterial
coatings [127], etc.

Reduce the surface energy of the material and
reduce the interaction between bacteria and

Formed the coating with microstructures and
bionic structure inspired by self-cleaning
surfaces such as sharkskin and lotus leaf in
the nature [128]

Advantages: Formation of a hydrophobic or
superhydrophobic self-cleaning surface to effectively
reduce or prevent the adhesion of bacteria and proteins.
It is safe and will not cause pollution and side effects
due to drug abuse.

Disadvantages: There is usually limited duration of the
anti-adhesion property. Bioinertness may be
anticipated.

Advantages: The bionic structure has certain
mechanical properties and stability while enhancing
resistance to bacterial adhesion. In addition, the surface
can kill bacteria adhered to the surface effectively
[129].

Disadvantages: Manufacturing bionic surfaces is a
challenge for clinical application since physicochemical
properties are critical parameters affecting their
mechanical, chemical, and physiological stability [4].

TiO, photocatalytic nanoparticles to Staphylococcus aureus and Pseudo-
monas putida. After 2-h irradiation, it was found that the original hy-
drophobic surface is converted into a hydrophilic one. All irradiated
samples loaded with TiO induced cell membrane damage with a large
amount of reactive oxygen species (ROS) produced in the cells, showing
good antibacterial effect. TiO, nanotube coatings have a beneficial
interplay with osteoblasts in addition to good antibacterial properties,
which are of important significance in improving and promoting
osseointegration, becoming a new direction for the development of

anti-bacterial adhesion coatings in recent years [134,135].

Other strategies include the use of monolayer or multilayer film self-
assembly, surface grafting or gelation, the preparation of biosurfactants
and amphoteric microbes that resist bacterial adhesion, and hydropho-
bic/hydrophilic interpenetrating network hydrogels [136]. Interestingly,
Dong et al. [137] combined the cell membrane and the implant surface
using polyphenol layers [poly (tannic acid), pTA] as an intermediate to
create controlled (patterned) and bioactive cell membrane coatings. To
form the pTA coating on the surface of titanium, the substrates were first
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immersed in a basic tannic acid solution to initiate tannic acid oxidative
polymerization, and UV exposure was performed simultaneously to
speed up this process. In the next step, the substrates coated with pTA
were immersed in red blood cell membrane suspension (RBC). Ulti-
mately, RBC's homogeneous membranes overlaid the PTA-coated sub-
strate due to the strong interaction between the polyphenol coating and
the membrane's biomolecules. The preparation process and mechanism
are shown in Fig. 1. The coating, besides good anti-biofouling ability, can
effectively prevent and control the non-specific adsorption of proteins
(bovine serum albumin, fibrinogen, and lysozyme) and bacteria (E. coli
and S. aureus). Studies have shown that the water contact angle (WCA) of
the substrate material modified by pTA coatings declines from (78.83 +
2.90)° to (47.00 + 2.81)°, suggesting that pTA with many carbonyl
groups observably improves the surface hydrophilicity. In addition, due
to many hydrophilic heads of the phospholipid bilayer, the WCA further
declines to (19.34 + 2.23)° after the RBC membrane is coated on pTA
(Fig. 2A). This coating with good hydrophilicity can help form a stable
hydration shell in water environment, thereby resisting adhesion of
proteins (Fig. 2B and C) and bacterial adhesion (Fig. 2D). The SEM im-
ages in Fig. 2D illustrate the nonstick properties of the coatings after
incubation with E. coli and S. aureus for 24 h. It is believed that
Ti-pTA-RBC is the best in resisting protein adsorption, and it is of great
significance for developing anti-adhesion coatings. More importantly,
Ti-pTA-RBC also has good biocompatibility and macrophage immuno-
regulatory capability. With high cell affinity of polyphenols, Ti-pTA-RBC
coatings can be applied to different implants, so they have good prospects
for clinical use.

Since no antibacterial agents and antibacterial drugs are used, and no
chemical substances such as heavy metals and antibiotics are released
during the antibacterial process, the anti-adhesion coatings are consid-
ered to be safe and will not cause pollution and side effects, so that
complications may be effectively reduced. However, most of these
coatings can only prevent bacterial adhesion to a certain extent but fail to
inhibit the growth of pathogenic bacteria. The coating surface may
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become contaminated, and bacteria can continue to live and colonize on
them to compromise its anti-adhesion properties [138]. In the complex
environment containing multiple biomolecules in the human body, most
of these coatings have no long-term stability. In addition, most
anti-adhesion coatings may also have a detrimental impact on the
adhesion and growth of normal human cells on their surface, thus
impairing the tissue integration of orthopedic implants. Considering the
demand for long-term use of orthopedic implants, it may be necessary to
consider adopting methods that can kill bacteria or developing
multi-mechanism antibacterial coatings combined with other antibacte-
rial modes to achieve a more ideal antibacterial effect.

3.2. Contact bactericidal coatings

Using various antibacterial agents with bactericidal efficacy on the
coating surface is also a common strategy for preparing antibacterial
coatings on the surface of orthopedic implants, which destroy the cell
membrane of bacteria via active substances in coatings, thereby inhibit-
ing or killing the adhered bacteria. Contact bactericidal coatings are a
method of killing bacteria in an “active attack” manner [139]. The
bactericidal substance often is immobilized through covalent conjuga-
tion or physical adsorption in coatings and is not anticipated to be
released from the coating surface, so a long-term bactericidal effect may
be maintained theoretically. The antibacterial agents used in this respect
range from natural biomolecules such as chitosan and antimicrobial
peptides (AMPs) to synthetic chemicals such as quaternary ammonium
compounds (QACs) [22,140].

Characterized by good biocompatibility, broad antibacterial spec-
trum, targeted specificity, and low drug resistance, AMPs are considered
the most promising alternative to antibiotics [141], and one of the more
promising measures for prevention and treatment of IRIs. It is generally
thought that AMPs penetrate cell membranes or transport across cell
membranes to attack bacterial cytoplasm mainly based on electrostatic
adsorption on the bacterial surface, resulting in overflow of bacterial

Ihmmm

=0 LV

Sllln.d RBC

Fig. 1. (A) Schematic diagram of the fabrication process of the pTA-assisted cell membrane-based coating and its antifouling and macrophage immunoregulatory
applications. Digital photographs of the DiD-stained cell membrane-based coating on the surface of (B) diverse materials and (C) irregular surface of a 3D model; (D)
Schematic illustration of the patterning process of the coating and digital photographs of the DiD-stained RBC membrane used for patterning on a Ti substrate [137].
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Fig. 2. Anti-biofouling performance: (A) WCA; (B) Fluorescence intensity; (C) Fluorescence images of anti-protein adsorption capacities [BSA, LYS, and Fg] (scale bar:
100 pm) (*p < 0.05, ##p < 0.01, and *##p < 0.001 vs. Ti group; $p < 0.05, %%p < 0.01, and 3**p < 0.001 vs. Ti-pTA group; ¥p < 0.05, “4p < 0.01, and “““p < 0.001 vs.
Ti-RBC group); (D) SEM images of the antibacterial (E. coli and S. aureus) abilities [137].

contents and bacterial death [142]. Due to such a rapid and non-specific
antibacterial mechanism, bacterial drug resistance is relatively low,
especially for synthetic AMPs [143,144]. Moreover, AMPs are effective
against some super-bacteria that have developed great resistance to an-
tibiotics [145]. Chen et al. [146] immobilized AMPs on the Ti-based
surface via grafted PEG chains, with a grafting density of AMP up to
(897.4 + 67.3) ng/cmz. The results showed that the antibacterial rate
against Staphylococcus aureus and Escherichia coli was 90.2% and 88.1%,
respectively. After 7-d degradation, 78.8% of Staphylococcus aureus can
still be killed, with almost no cytotoxicity. Van et al. [147] used recom-
binant protein polymer obtained by biotechnology to directly immobilize
AMPs on the Ti alloy surface. It was found that under dynamic biofilm
culture conditions, this antibacterial coating still exhibits excellent
antibacterial activity with good cell compatibility and low toxicity to
mammalian cells. However, AMPs have relatively high costs and great
instability during the preparation process [148,149], and their perfor-
mance can be easily affected by the human body environment. In addi-
tion, the positive charge and hydrophobic group in coatings can facilitate
the non-specific adsorption of proteins, greatly weakening the antibac-
terial effect of AMPs [150]. What's worse, it may not be possible to
distinguish the membrane of normal cells and bacteria, thus greatly
destroy the cell membrane.

Quaternary ammonium compounds (QACs) were found to be poten-
tial contact-killing antimicrobial materials for orthopedic implants and
have drawn much interest since they have a broad antibacterial spectrum

and low toxicity [151,152]. Its antimicrobial properties are attributed to
its long lipophilic-C18H37 alkyl chain, which penetrates the walls and
membranes of bacterial cells, causing autolysis and cell death of bacteria
on contact [153]. Deb et al. [154] synthesized a dimethyacrylate qua-
ternary amino iodine monomer and incorporated it as a comonomer in
acrylic bone cement. Results indicate that bone cement has a broad range
of destructive antimicrobial contact properties against E. coli and
S. aureus. The antibacterial monomer works by eliminating bacteria by
contact without releasing bioactive agents. Based on a large number of
QA functionalities, Abid et al. [155] synthesized quaternary ammonium
dendrimers of tripropylene glycol diacrylate (TPGDA) and demonstrated
their potential efficacy as antimicrobial agents in bone cement. It can kill
common hospital-derived bacteria such as E. coli, S. aureus and
P. aeruginosa through contact with sustained bactericidal activity for 30
d. According to the MTT assay, the modified bone cement was not
significantly cytotoxic. Thus, TPGDA is promising for clinical antimi-
crobial activity without sacrificing its mechanical properties. Similarly,
quaternary ammonium polyethyleneimine (QPEI) nanoparticles have
also been utilized to enhance the antimicrobial activity of bone cement
because they possess positive antimicrobial activities and biosafety.
Beyth et al. [156], found a strong antibacterial effect after aging for four
weeks compared with bone cement without additives. In addition, the
biocompatibility properties of bone cement were not affected by QPEIL
nanoparticles. Using QACs and adamantane, Wei et al. [157] developed a
regenerative antibacterial coating that killed S. aureus and E. coli via
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direct contact. Moreover, they found that the bactericidal activity of
Ada-containing multilayer surfaces could be achieved by incorporating
new QACs. However, it should be noted that QACs with positive charge
also cause damage to mammalian cells. For good biocompatibility, it is
necessary to control the modification amount, which makes the use of
QACs more precise and safe.

Chitosan is a natural cationic polysaccharide with good biocompati-
bility and no cytotoxicity, whose positively charged amino groups can
generate electrostatic interactions with negatively charged bacterial cell
membranes, thereby altering the permeability of cell membranes and
causing the lysis and death of bacteria. It has also been found that the
metal chelation and water solubility of chitosan can also exert antibac-
terial effect, and the higher water solubility corresponds to the better
antibacterial effect of chitosan and its derivatives and the stronger anti-
adhesion ability of coatings [158]. Therefore, chitosan is expected to
be a practical agent for preventing biofilm formation on the surface of
orthopedic implants. Peng et al. [159] assessed the effect of hydrox-
ypropyltrimethyl ammonium chloride chitosan (HACC) at three different
component concentrations (6%, 18%, and 44%) in preventing biofilm
formation on the surface of Ti implants by in vitro tests, and found that the
three kinds of HACC, especially the latter two, can significantly inhibit
the biofilm formation on the surface of Ti implants compared with con-
trol group, and also exert an effective therapeutic effect on previously
formed mature biofilms.

In addition to AMPs, chitosan, and QACs, a variety of natural or
synthetic antibacterial compounds, such as antibacterial enzymes and N-
halamines, have also been applied to develop antibacterial coatings.
However, whether the antibacterial coatings of natural or synthetic
compounds can continuously remain stable in vivo and persistently exert
an antibacterial effect remains to be clarified. Readers may refer to other
reviews [160,161] for more information about antibacterial polymers.

Besides the above summarized contact-killing coatings with agents,
new methods have been reported in recent years for creating contact-
killing surfaces based on nanomaterials. Nanomaterials special in size
and structure offer new directions for developing high-efficiency anti-
bacterial coatings with enhanced biocompatibility. Nanomaterials with a
diameter smaller than the mean size of bacteria (0.5-2 pm) can penetrate
the cell membrane into bacteria to destroy the normal life activities of
bacteria, achieving a bactericidal effect. They are demonstrated to resist
common bacteria and drug-resistant bacteria, and effectively inhibit and
eliminate biofilms [162,163]. For example, graphene materials can not
only induce damage to bacterial cell membranes by oxidizing reduced
glutathione in bacteria but also disrupt the integrity of bacterial cell
membranes through the sharp nano-edges from graphene nanowalls or
nanosheets, leading to pore formation and cell death [164]. Drawing
inspiration from unique topographies studied in nature, numerous
nanopillars, nanowires, and nanoblades have been developed to exert
contact bactericidal effects [165,166]. In a recent study, Pandit et al.
[167] found that arrays of graphene flakes grown perpendicularly to the
surface by plasma-enhanced CVD can effectively prevent the formation of
bacterial biofilm. By electron microscopy, it is revealed that the exposed
edges of vertically aligned graphene flakes penetrate the bacterial
membrane and drain the cytosol contents. According to them, graphene's
orientation to the coated surface is the most significant factor for its
contact-killing effect. It has been demonstrated that particles with a
height of 60-100 nm are effective in killing bacteria while remaining
completely harmless to mammalian cells. Ye et al. [168] prepared a ZnO
nanorods-patterned coating on the Ti-based orthopedic implants, which
exhibits intense bactericidal activity against adhered S. aureus in vitro and
in vivo. According to the study, ZnO nanorods generated
mechano-penetration and ROS, contributing significantly to killing
adhered bacteria. Since the adhesion force of the bacterium to its un-
derlying nano-stems continues to increase with time, the dominant
bactericidal mechanism is believed to be mechano-penetration. Han et al.
[169] have designed three arrays of AlyOs-wrapped nanorods. It was
found that the difference in antibacterial activities was related to

Materials Today Bio 19 (2023) 100586

nanorod top sharpness rather than nanorod length, and the top-sharp
nanorods were able to puncture S aureus with a 96% bactericidal effec-
tiveness. A critical upper conic angle of 138 is identified for nanorods
capable of perforating S. aureus from a finite element simulation. More-
over, the network of patterned nanorods has a favorable capacity for in
vitro proliferation of rat bone marrow mesenchymal stem cells (rCSBMs).
It shows a strong bactericidal activity in rat tibias infected with S. aureus
by mechanical puncture activity.

Compared to adhesion-resistant coatings, contact bactericidal coat-
ings can kill pathogens to restrain the development of bacterial in-
fections. At present, great progress has been made in the research on such
coatings in orthopedic implants, but many limitations are still present in
their actual clinical use. On the one hand, contact-killing coatings can
only kill bacteria that adhere to and make direct contact with the surface.
With the accumulation of killed bacteria and intracellular components,
active functional groups might be covered and the binding sites for
subsequent biofilm formation are provided [170]. Once a barrier is
formed between the functional surface and bacteria, the bactericidal ef-
fect is weakened [4]. On the other hand, it is difficult for bactericidal
agents to kill all local bacteria, with a risk of drug resistance. In addition,
long action time or high concentration is required for some bactericidal
components to exert a good antibacterial effect, and bactericidal agents
(as well as potential degradation products) may also cause some side
effects on normal cells and tissues. Although some progress has been
made in these antibacterial coatings, the focus is mostly placed on the
short-term antibacterial property and a long-lasting antimicrobial activ-
ity for months or even years following surgery is still a major challenge.
The stability of the coatings is crucial since their antibacterial effect is
premised on the structural integrity of the coating and the tight
connection to the implant surface.

3.3. Releasing-type antibacterial coatings

Another strategy for bactericidal antibacterial coatings to exert their
efficacy is to load the antibacterial agents (e.g., antibiotics, nanoparticles,
metal ions, and their oxides) into the implant surface coating and then
release them ideally in a controlled mode. Coatings of this type can
release bioactive agents at therapeutic doses to kill bacteria close to or far
away from the surface. With the coating as a carrier, the antibacterial
agent can be gradually released into the physiological environment
through the diffusion and dissolution/degradation of molecules in the
coating and the rupture of bonds between the coating and the antibac-
terial agent, thus achieving bactericidal effects via localized high con-
centration antibacterial agent [171-174]. Since the initial 24 h are the
most critical period for biofilm formation, in most cases, successful
resistance to biofilm colonization can be achieved when the antibacterial
agent is released within a short period of time. This may be more effec-
tive in alleviating the infections associated with orthopedic implants
compared to the coatings utilizing contact sterilization mode. Obviating
systemic toxicity related to the antibacterial agent and usually displaying
satisfactory antibacterial effect, releasing-type antibacterial coatings
serve as a promising approach for preventing and treating IRIs [175,
176].

3.3.1. Antibiotics releasing antibacterial coatings

Antibiotics that are important in preventing and treating infections
associated with orthopedic implants and biofilm formation have been
used as antibacterial agents in antibacterial coatings, including peni-
cillin, chlortetracycline, streptomycin, vancomycin, and daptomycin
[177]. As the most representative bactericidal agents, antibiotics have
been essential for orthopedic implants for nearly a century. It is pertinent
to note that systemic administration of antibiotics can have many po-
tential disadvantages, including a relatively low level of drug concen-
tration at the target site and possible systemic or organ-specific side
effects. High efficacy can be achieved when antibiotics are administered
to implant sites at high local doses without causing systemic toxicity.



X. Chen et al.

Initially, Buchholz et al. [178] introduced polymethylmethacrylate
(PMMA) bone cement with antibiotics as a local antibiotic prophylaxis
prior to total joint replacement. Afterwards, some researchers loaded
antibiotics onto titanium implants with porous hydroxyapatite (HA)
coatings [179,180]. In vivo testing demonstrated that antibiotic-loaded
hydroxyapatite coatings were significantly better in preventing infec-
tion than those that were not loaded with antibiotics, but there are still
many unresolved issues pertaining to the optimal release kinetics and
methodology for antibiotic inclusion in HA coatings [181]. Popat et al.
[182] developed titanium nanotubular arrays that loaded gentamicin.
They investigated gentamicin release kinetics from these nanotubes as
well as their effect on Staphylococcus epidermis adhesion. It appears that
the coating effectively decreases bacterial adhesion on the surface
without compromising biocompatibility. Even so, gentamicin was still
released too rapidly, and it will be completely released by soaking in
phosphate buffer saline (PBS) for 50-150 min.

During a study by Antoci [183], vancomycin was covalently attached
to a titanium alloy surface and the antibiotic derivatization can inhibit
bacterial colonization and biofilm formation. The structure is stable and
maintains its activity even when challenged multiple times. Similarly,
layer-by-layer self-assembly coatings have also been proven to signifi-
cantly slow the release of antibiotics [184,185]. However, the elution
kinetics of antibiotics from the coating are still very fast, making it
difficult to translate this method easily into the clinic [186]. In fact, there
are a range of problems involved in the use of antibiotics in bactericidal
coatings [187-189]. For example, a question is whether the bacteria
around the implant are susceptible to antibiotics, and there has been
some evidence that antibiotic-resistant bacteria can grow around im-
plants [190], so picking the most effective antibiotic for coating prepa-
ration is crucial. IRIs are often accompanied by bacterial biofilms that can
become resistant to antibiotics, resulting in prolonged infections [191,
192]. So far, the spread of antibiotic-resistant bacteria, such as
methicillin-resistant Staphylococcus aureus, and vancomycin-resistant
enterococci, has led to an increase in global morbidity and mortality.
Also, the antibiotic-loaded coating should release the antibiotic within
the effective concentrations, and then the antibiotic release should
terminate immediately to avoid the development of antibiotic-resistant
strains. While, it has been reported that gentamicin residue can still be
detected five years after surgery in the tissue surrounding the
antibiotic-loaded cement prosthesis which greatly increases the risk of
resistant bacteria development [193]. Additionally, studies have shown
that certain antibiotics compromise cellular function, despite antibiotics
being considered highly biocompatible.

3.3.2. Metal ions releasing antibacterial coatings

While antibiotic-loaded coatings are associated with the risk of anti-
biotic resistance, alternatives without antibiotics become more
appealing. Metal ions and metal oxides are commonly used in the
releasing-type bactericidal coatings via loading in TiOs, graphene, anti-
bacterial polymers, etc. For example, well-known Ag", which can kill a
variety of different bacteria, is a broad-spectrum antibacterial agent that
is less likely to cause bacterial resistance. It is generally argued that the
antibacterial mechanisms of Ag" involve such aspects as destroying the
integrity of bacterial cell walls or cell membranes, inducing ROS, and
inhibiting the bacterial metabolic process [194]. Since Ag" can kill
Gram-positive and Gram-negative bacteria and even the drug-resistant
bacteria, exert a long-lasting antibacterial effect, rarely cause bacterial
drug resistance, and show no detrimental effects on the activity of oste-
oblasts used in lower dose, it has been well applied to various orthopedic
implants. Jia et al. [195] developed a porous titanium scaffold entrapped
in silver. After a 6-week durability test, strong yet sustained sterilization
effects were achieved against both planktonic and adherent S. aureus
bacteria. Researchers suggested that one of the antimicrobial properties
was due to the durable topical Ag™ release (a burst of 9.9% of total silver
content was released initially, followed by steady release, with 40.6%
remaining at 42 days).
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Incorporating of Ag nanoparticles into polymer coatings to prepare
nanocomposite antibacterial coatings is considered a practical method.
Xie et al. [196] developed a coating consisting of HA, AgNPs, and CS on
titanium implant. With polydopamine, they managed to prevent the fast
release of silver ions, and the results were 91.7%, 89.5%, and 92%
effective against S. aureus, Sepidermidis, and E. coli, respectively.
Schlaich et al. [197] developed a mussel-inspired coating containing
silver nanoparticles, which reduced bacterial attachment to the surface
by >99.99%, but the release data showed that the coating was only
capable of releasing silver ions for a short period of time (<7 days). In
addition, methacrylate thermoset is a type of biomaterial commonly used
in orthopedics. According to Bumgardner et al. [198], a nanocomposite
coating composed of 1-deoxylactit-1-yl chitosan (Chitlac) and AgNPs was
successfully designed based on methacrylate thermosets. A sufficiently
high level of silver released at the beginning can effectively kill bacteria
to prevent the development of resistant pathogens. It was observed under
physiological conditions that silver was released slowly over time.
Although the silver concentration decreased after 3 weeks, there was still
effective protection against bacterial colonization, which may be
explained by residual silver. Due to the special nanometer effect, how-
ever, nanoparticles tend to agglomerate and are difficult to uniformly
disperse, seriously weakening their antibacterial effect. Therefore, how
to effectively realize the uniform dispersion of nanoparticles in polymer
substrate is still a difficult problem to be solved. To address this problem,
researchers have also adopted surface modification and in situ generation
of nanoparticles [199-204], but most of the methods involved are
complicated and introduce other redundant substances, potentially
harming the clinical use, and it is still difficult to achieve uniform
dispersion in the real sense. Therefore, more effective and environmen-
tally friendly methods that can realize uniform dispersion of metal
nanoparticles remain to be studied. Among them, it is promising to
design appropriate ionic ligands to achieve uniform dispersion of nano-
particles through electrostatic interactions with nanoparticles.

Though Ag loading biomaterials are widely studied, the close contact
between silver-coated implants and bones raises concerns about the
potentially harmful effects of Ag" entering bone and surrounding soft
tissues [205]. In addition, bone healing following implantation of the
implant is characterized by complex interactions among multiple cells
and osteoconductive properties of materials, all of which might be
influenced by Ag™. Cytotoxicity may result from high-concentration Ag™,
and silver intolerance and Ag" allergy, although rare, may bring about
safety problems. Moreover, the long-term impact of Ag™ coatings on the
metabolic status of adhered bacteria needs further study. Due to all the
above problems, the use of Ag" releasing coatings is restricted to a
certain extent [206,207].

Similarly, Zn* and Cu™ are also metal ions commonly used in anti-
bacterial coatings, which also display excellent antibacterial perfor-
mance due to their ability to penetrate and destroy bacterial cell
membranes. As reported, Zn' can also stimulate the proliferation and
mineralization of osteocytes and contribute to the deposition of calcium
in mesenchymal stem cells (MSCs), without inducing cytotoxicity [208].
Moreover, Zn is an essential trace element for multiple steps in bone
formation and plays a positive role in enhancing osseointegration. Ac-
cording to Chu et al. a composite coating loaded with Zn/Ag was pre-
pared by plasma immersion on the basis of titanium alloy loaded with Ag
nanoparticles. Excellent antimicrobial ability was observed in vivo and
the micro-CT and histological results reveal notable osseointegration. In
addition, the calculation and simulation analysis showed that in the
Zn/Ag composite coating, Ag nanoparticles can form a micro-current
between Ag nanoparticles and Zn?*, resulting in rapid release of Zn?*,
to produce the early antibacterial effect, while Ag™ has a slow release
effect, serving the long-term antibacterial effect [209]. Using a sol-gel
method by spin-coating, Shen et al. [210] fabricated Zn-incorporated
coatings on Micro-Ti and found that the Zn-incorporated samples
(Ti-Zn0.08, Ti-Zn0.16, and Ti-Zn0.24) efficiently inhibited the adhesion
of both Gram-positive (Staphylococcus aureus) and Gram-negative
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(Pseudomonas aeruginosa) bacteria. The Ti-Zn0.16 sample was able to
stimulate osteoblast proliferation as well as osteoclast differentiation in
vitro. Furthermore, the Ti-Zn0.16 implant was efficient in promoting new
bone formation in vivo after implantation for 4 and 12 weeks. Through
plasma electrolytic oxidation, zinc was incorporated into TiO, coatings,
according to Hu et al. [211]. In the antibacterial studies, results indicate
that the coatings extremely inhibited the growth of Staphylococcus aureus
and Escherichia coli, and their ability to inhibit bacteria can be improved
by increasing the Zn content in the coatings. Zn-incorporated coatings
were also demonstrated to significantly enhance the adhesion, prolifer-
ation, and differentiation of MSCs and no cytotoxicity was observed on
any of the TiO, coatings. As well, MSCs exhibit an advanced level of
alkaline phosphatase activity on the coating and are induced to differ-
entiate into osteoblasts. According to the author, a significant reason for
the excellent capabilities of the coatings is the ability to release Zn ions
continuously and slowly. Similarly, in the study of Huo et al. [212],
titania nanotubes (NTs) incorporated with zinc (NT-Zn) coatings are
formed using anodization and hydrothermal treatment in Zn solution.
NT10-Znl, NT10-Zn3, NT40-Zn1, and NT40-Zn3 have total Zn contents
of 1.2, 11.4, 3.4, and 60.2 mg, respectively as displayed in Fig. 3A, and
then the Zn release kinetics was determined after immersing the samples
in 5 mL of PBS for a month (Fig. 3B). Results showed that NT10-Zn1 and
NT40-Zn1 released relatively small amounts of Zn (About 0.01 ppm Zn is
detected on the first day, and nearly no Zn is detected one month later).
By comparison, NT10-Zn3 delivers more Zn, while NT40-Zn3 generates
the greatest amount. On the first day, Zn releases from NT40-Zn3 were
0.06 ppm and 0.05 ppm, respectively, and decreased rapidly over time.
As a consequence, the antibacterial effectiveness of NT-Zn samples de-
clines with time, in line with the Zn time-release profile (first a large
amount of Zn is released, followed by a gradual decline over time).
Particularly, NT40-Zn3 showed excellent antibacterial effects since its
larger Zn loading capacity and increased Zn release. The optimal nano-
structure of NT40-Zn3 also stimulates protein deposition enhancing cell
function and Zn release, thereby enhancing osteogenic differentiation of
MSCs.

As an essential trace element in many organisms, Cu is harmless to the
environment and low-cost, and it adheres to the bacterial cell membrane
in the form of Cu?* and Cu*, which can not only inhibit the breeding of a
variety of bacteria and efficiently kill some drug-resistant bacteria, but
also destroy ROS generated by cells and interfere with their proteins and
lipids [213]. Besides, Cu can, through increasing the expression of
vascular endothelial growth factor (VEGF), promote osteogenesis, so it
has good prospects for use in antibacterial coatings of orthopedic
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implants. Liu et al. [214] immobilized Cu nanoparticles capable of killing
bacteria on the surface of porous microstructural PEEK using the
magnetron sputtering technique and confirmed that Cu nanoparticles can
induce polarization of most macrophages and enhance the ability of
macrophages to phagocytose Staphylococcus aureus, thereby increasing
the antibacterial effect. Song et al. [215] demonstrated GO-Cu and
GO-Cu-GO coatings through spin coatings and chemical in-situ methods.
As a result, E. coli and S. aureus grew well on the pure GO coating, but
their growth was significantly inhibited by the GO-Cu and GO-Cu-GO
coatings. Pure GO coatings were found to support E. coli and S. aureus
growth, while the GO-Cu and GO-Cu-GO coatings were significantly
inhibitory. Also, the two coatings showed no evident toxicity when
compared to the SiO5 control in adhesion, viability, and proliferation
tests on bone MSCs. GO-Cu coatings offer excellent antibacterial prop-
erties and high biocompatibility, making them suitable for use in
biomedical implants.

Mg?* with good antibacterial properties has also been applied to
implants. Robinson et al. [216] believed that Mg?" raises the pH value at
the implantation site, altering the microenvironment of bacteria to exert
an antibacterial effect. However, this view was revised by Wetteland
[217] who thought that the improvement of antibacterial properties is
attributed to the synergistic effect of multiple factors rather than regu-
lation on pH only. Meanwhile, researchers developed composite coatings
based on the synergistic effect of various antibacterial metal ions to
further enhance the antibacterial effect. For example, Peng et al. [218]
prepared PEO/Mg-Zn-Al layered double hydroxide composite coatings
on the surface of Mg alloy, which not only possess excellent corrosion
resistance but also enhance both antibacterial ability and osteogenic
capability, having broad application prospects in orthopedic implants.

Besides, metal oxides (e.g., TiO3, CuO, and ZnO) have also been
widely introduced into the fabrication of antibacterial coatings
[219-221]. For example, Li et al. [222] deposited a nano-ZnO film on the
surface of 3D porous iron scaffolds using the atomic layer deposition
technique, and then they found that the ZnO@Fe scaffolds display
extremely strong antibacterial ability against both Gram-positive and
Gram-negative bacteria and provide a better environment for cell adhe-
sion, without affecting the cytocompatibility of porous scaffolds. In
addition, the ZnO film greatly reduces the degradation rate of the scaf-
folds. Mantecca and co-workers [223] reported that sonochemically
prepared CuO and ZnO nanoparticles exhibit highly crystalline structures
after heat treatment, leading to higher ROS generation activity and thus
stronger antibacterial performance than commercial metal oxides.
Generally, metal ions/oxides antibacterial coatings are excellent in heat
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resistance and chemical stability and have a long effective antibacterial
period and broad-spectrum antibacterial properties, which have thus
been widely applied to the antibacterial coating of orthopedic implants.
However, some problems need further consideration. For example, the
action time needed between metal ions and bacteria is relatively long,
and a good bactericidal effect can be achieved only upon long-time action
and high concentration, thus missing the best time for inhibiting bacteria
[224]. There is a study showing that the longer the culture time between
metal ions and bacteria, the more significant the bactericidal effect.
Drug-resistant bacteria can be effectively inhibited, and the biofilm for-
mation can be reduced 24 h later, whereas it only takes dozens of minutes
for bacteria to reproduce for one generation [225]. In addition, tissues
and cells will be persistently stimulated by metal ions following ortho-
pedic implantation, whose potential physiological toxicity remains un-
clear, and high-concentration metal ions used to achieve a good
antibacterial effect may also produce toxicity to normal tissues [226].

3.3.3. Non-metallic ions releasing antibacterial coatings

In recent years, non-metallic materials used for antibacterial coatings
have also been gradually studied. For example, the non-metallic element
fluorine (F) is an essential trace element in biological activities, which
plays an important role in bone growth and development and the
maintenance of physiological structure and function of bones. Cooper
et al. [227] showed that F~ can not only raise the antibacterial effect of
materials, but also enhance the proliferation of human bone
marrow-derived MSCs and the expression of differentiation genes. Cell
differentiation can be promoted under a lower content of F~ but be
inhibited under a higher content of F~. Holinka et al. [228] covalently
bonded selenium to the surface of Ti and Ti alloy implants and found that
it can prevent the adherence of Staphylococcus aureus and Staphylococcus
epidermidis, without affecting the viability of osteoblasts. Shirai et al.
[229,230] incorporated iodine onto the Ti surface through anodic
oxidation, which exerted effective antibacterial activity against Staphy-
lococcus aureus and Escherichia coli, without in vitro (fibroblasts) or in vivo
(rabbits) cytotoxicity. They also found that iodine-rich implants can
reduce inflammation and infections and improve osseointegration. Ac-
cording to clinical trials, iodine displays good antibacterial activity
without causing cytotoxicity or thyroid abnormalities, and 20-30% of it
remains on the surface of materials 1 year after introduction [230]. Few
reviews can be found on the fabrication of antibacterial coatings with
non-metallic elements, so this topic deserves special attention and further
exploration.

3.3.4. Development of carriers for ideal release mode of antibacterial agents

As reviewed above, numerous studies have been conducted on the use
of releasable antibacterial agents for prevention of IRIs [231,232].
However, typically the release profiles follow first- or second-order ki-
netics [21]. There is often a burst release phase at the beginning of drug
release, and then it is difficult for drug release to maintain above the
minimum antibacterial concentration for a long period of time. Cyto-
toxicity and drug resistance may occur due to the unstable concentrations
of drugs released. To solve the above problems, researchers have
explored sustained-release antibacterial coatings [183,233]. Based on
the electrostatic and hydrophobic interactions between nanostructures
and drugs, Song et al. [234] designed antibacterial coatings consisting of
a chitosan substrate of gelatin nanospheres and loaded with vancomycin
or moxifloxacin, which can effectively control the antibiotic release.
Using the collagen self-assembly and micro-sol electrospinning tech-
nique, Liang et al. [235] prepared a nanofibrous bionic periosteum with
sustained releasing of VEGF, which is effective in promoting angiogenesis
and bone tissue regeneration and, to some extent, contributes to
addressing burst release of drugs and prolonging drug release time.
However, since IRIs may occur at any time and chronic infections may
even occur after 24 months, the drug release time is still not enough for
effective prevention of infections associated with orthopedic implants,

10

Materials Today Bio 19 (2023) 100586

especially middle- and late-stage infections. Besides, proteins are rapidly
deposited on the implant surface when the implant is implanted in the
body, and due to uncontrollable drug release from the sustained-release
coating, it is difficult for antibacterial agents at low release levels to
penetrate the protein deposition layer to exert antibacterial effects. Thus,
the development of coatings with high drug loading capacity, controlled
release property and long-term antibacterial performance remains
challenging.

With continuous research on controlled releasing-type antibacterial
coatings assisted by nanotechnology and combining different prepara-
tion techniques (e.g., plasma electrolytic oxidation [236], electropho-
resis [237], and LbL [238]) [239,240], multiple nano drug carriers have
been developed. By virtue of the ability to enhance drug solubility,
modulate drug release, and achieve targeted delivery of multiple drugs,
in combination with the advantages of nanoparticles themselves such as
small size and large specific surface area, these carriers (mainly including
nanotubes, polymer nanocarriers, liposomes, and carbon-based nano-
carriers) have become promising antibacterial drug carriers [241,242].
To further improve the bactericidal activity on the coating surface, two or
more different types of bactericidal agents and bioactive elements are
usually incorporated into one system. For example, Xie et al. [243] uti-
lized chitosan to chelate silver ions, which were then in situ reduced into
AgNPs by electrochemical methods, and heparin and bone morphoge-
netic protein 2 (BMP2) were compounded with the chitosan layer
through electrostatic effects to form the coating that can stably release
silver ions and BMP2 within 30 days and thus effectively repress bacterial
growth and promote osteocyte growth. In a recent study, Zhao et al.
[244] fabricated titania nanotubes that were incorporated with silver
nanoparticles. Results show that the coating can kill all planktonic bac-
teria within a few days, and the coating's ability to prevent bacterial
adhesion remains unchanged for more than 30 days without apparent
decline. In spite of the fact that overdose of Ag™ can cause some cyto-
toxicity, by controlling the release rate of Ag" the properties can be
tailored for both long-term antibacterial activity and improved bio-
integration. Chen et al. [245] prepared TiO5 nanotube arrays loaded with
AgNPs using an anodic oxidation method based on TiAg films and used a
hydrothermal method to load SrTiOs. The samples still showed good
antibacterial performance and osteoinductive ability after 60 days. Zeng
et al. [246] reported good antibacterial effects of Ti nanotubes loaded
with silver oxide nanoparticles (AgoO-TiO2-NTS) against Staphylococcus
epidermidis and Staphylococcus aureus in vivo and in vitro during the
treatment of periprosthetic infections after artificial joint replacement.
To better control the drug release rate, Zhong et al. [247] coated poly-
methacrylic acid onto norfloxacin-loaded TiO nanotube arrays, which,
in combination with biopolymer encapsulation, displayed a relatively
small amount of burst release (34.4%) and relatively long sustained
release time. Xu et al. [248] reported the incorporation of dex-
amethasone/minocycline (Dex/Mino)-loaded liposomes on the surface of
PEEK material, and then obtained a releasing-type antibacterial coating
that can effectively prevent the in vitro production of bacteria with
marked antibacterial effects from the functional release of minocycline.
Meanwhile, osteogenic differentiation of stem cells is notably improved
due to the osteoinductive and osteoconductive abilities that are enhanced
after the release of dexamethasone.

Owing to the loading amount 10 times higher than that of ordinary
silica, excellent biocompatibility, high specific surface area, tunable pore
structure and controllable pore size, mesoporous silica nanomaterials can
load antibiotics and other drugs for targeted delivery and controlled
release of antibacterial agents [249,250], which are considered to be
high-quality nanocarriers for releasing-type antibacterial coatings and
have been widely recognized in antibacterial coating applications. Using
the nano-interfacial oriented assembly approach, Liu et al. [251] fabri-
cated mesoporous silica coatings (MPSCs) with vertical and size-tunable
mesochannels on titanium substrates, namely, Ti@MPSCs, which show
excellent capacity for drug adsorption and sustained release. To be
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specific, the saturation adsorption capacity can reach 0.544 ug cm ™2
towards minocycline hydrochloride (MC-HCI) antibiotic molecules,
which is 6.5 times higher than that of bare Ti substrate. The drug release
time can be controlled within the range of 84-216 h, by changing the
mesopore size, and the Ti@MPSCs can realize a higher antibacterial rate
(95.9%) compared with the bare Ti (only 70.3%). These findings high-
light the high potential of MPSCs for the long-term prevention and
elimination of peri-implantitis.

In recent years, the use of nanotechnology-assisted loading of anti-
bacterial agents has effectively controlled the release of antibacterial
agents, and the amount of drugs required has been greatly diminished.
Nano drug carrier loading, in particular, can enhance the antibacterial
activity of drugs by accurately delivering drugs to the site of infection via
specific recognition pathways [252], which not only achieves antibac-
terial effects against the target pathogen, but also reduces the occurrence
of bacterial drug resistance and adverse drug reactions. However, nano
drug carrier systems are still facing some problems to be addressed in the
application, such as high production costs, system defects, and safety
concerns [253]. Most of the relevant studies are currently at the exper-
imental stage, and the animal experimental studies of drug carrier sys-
tems still need to be strengthened in the future to achieve better
application on the orthopedic implants. Besides, special attention should
be paid to the release of metal ion antibacterial agents with potential
cytotoxicity.

Hydrogels (referred to as hydrophilic interpenetrating three-
dimensional polymer networks), which can encapsulate antibacterial
agents of different sizes and achieve different release profiles because
intercommunicating pores can be modulated by varying the degree of
cross-linking reactions [254], have also become a vital strategy for the
construction of releasing-type antibacterial coatings in recent years.
Ghimire et al. [255] designed a combination of polyethylene glycol
dimethacrylate hydrogel coatings with vancomycin via covalent func-
tionalization with the oligonucleotide sensitive to Staphylococcus aureus
micrococcal nuclease (MN), namely, PEGDMA-Oligo-Vanco, which al-
lows vancomycin to release in an appropriate amount for sterilization in
the presence of Staphylococcus aureus on and around the implant surface.
Moreover, the hydrogel coating, when used on the implant surface, may
also suppress the attachment and colonization of Staphylococcus aureus on
the surface, and inhibit or even eradicate bacteria in its vicinity. The
implantation experiment also further confirmed the excellent antibacte-
rial ability of the coating and its effectiveness in eliminating bacteria
from the surface of the implant and the bone tissues surrounding the
prosthesis. Although hydrogel antibacterial coatings have been reported
to exhibit outstanding anti-biofilm performance and show great potential
in preventing bacterial infections associated with orthopedic implants,
their immobilization approaches, physicochemical properties (e.g.,
swelling, persistence, and stability), interfacial adhesion, and achieve-
ment of stable bactericidal activity remain challenging, and in-depth
research still needs to be conducted [256].

By and large, proper releasing-type antibacterial coatings are effec-
tive in improving the controllability of drug release and achieving tar-
geted bactericidal effects. The introduction of nanotechnology has
particularly enhanced the preventive and therapeutic effectiveness of
such coatings. Nonetheless, the antibacterial effect of single antibacterial
agent release is still not ideal, and there are several problems that need to
be further investigated. For instance, certain degradation and migration
of antibacterial agents may occur over time, resulting in a gradual
reduction in drug concentration and loss of antibacterial activity. The
stability of some antibacterial agents is poor, giving rise to the difficulty
in long-lasting release, and most studies are limited to in vitro experi-
ments. Besides, most such coatings may release and spread antibacterial
agents even in the absence of infection, affecting normal tissues around
the implant and increasing the risk of drug-resistant bacteria. Therefore,
further exploration of multi-mechanism antibacterial coatings and smart
coatings showing antibacterial effect on demand is of great significance.
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3.4. Synergistic multi-mechanism antibacterial coatings

Conventional designs of antibacterial surface coatings are mostly
based on one of the two mechanisms of killing bacteria or preventing
bacterial adhesion. Although great achievements and progress have been
made in the research on single-mechanism antibacterial coatings, each
approach has its inherent defects. Especially facing practical conditions
(e.g., diversified clinical orthopedic implant substrate materials, diver-
sified demands, and environmental differences at the implantation sites),
the application of single-functional coatings is extremely limited. For this
reason, endowing antibacterial coatings with multiple antibacterial
mechanisms might be a direction of antibacterial coating development in
the future. To avoid the inherent defects of single mechanism antibac-
terial coatings, an increasing number of researchers have attempted to
construct dual- or multi-mechanism synergistic antibacterial coatings by
incorporating different antibacterial strategies [257,258], whose anti-
bacterial effects are more favorable than those of coatings with a single
mechanism of action [259,260].

One example is the combination of anti-adhesive and bactericidal
functions, thus endowing material surfaces with the dual mechanisms of
resisting bacterial adhesion and killing adhered bacteria. As documented
in several studies, hydrophilic polymers with good resistance to non-
specific protein adsorption and anti-bacterial adhesion ability and zwit-
terionic polymer brushes with strong water-binding ability are utilized to
bind to antibacterial agents with bactericidal effects to construct dual-
mechanism synergistic antibacterial coatings with both anti-adhesive
and bactericidal performances [261-265]. Antibacterial agents such as
metal nanoparticles are loaded into anti-adhesive materials (e.g., PEG
and zwitterionic polymers), and then multilayer films are developed by
LbL to fabricate synergistic antibacterial coatings with a dual mechanism
of resisting bacterial adhesion and killing bacteria [266-268].

Valverde et al. [269] prepared triclosan-containing hyaluronic
acid/chitosan polyelectrolyte multilayers onto Ti-6Al-4V alloy surfaces.
The coating displayed excellent stability and hydrophilicity, making it
effective at resisting bacterial adhesion. Meanwhile, the multilayered
coating system could release its main TRI content within 24 h and serves
as a reservoir for bactericide for longer-term action. As a result, the
coating is highly effective at inhibiting bacterial adhesion and prolifer-
ation after implantation.

However, during long-term use, bacterial colonization may inevitably
appear on these biological surfaces that even have a dual mechanism of
resisting bacterial adhesion and killing bacteria, which may be attributed
to the fact that the anti-adhesive component of the coatings prevents
initial adhesion of bacteria but cannot release attached dead bacteria
from the surface. Ideal antibacterial surface coatings should not only
have functions of resisting bacterial adhesion and killing bacteria but also
be able to release dead bacteria and bacterial secretions [270]. To this
end, numerous studies have been conducted by researchers. Cheng et al.
[271] designed novel composite coatings, in which the bactericidal
element can kill more than 99.9% of Escherichia coli within 1 h, followed
with removal of the killed bacteria by an anti-adhesive surface formed by
a zwitterionic polymer via hydrolyzing ester bonds. The transition from
bactericidal coating to bacteriostatic coating controlled by regulating the
rate of hydrolysis of ester bonds is relatively controllable. By combining
the excellent antifouling property of polymers with the rapid antibacte-
rial property of endolysins, Garay-Sarmiento et al. [272] prepared Kill-
&Repel coatings composed of antifouling hybrid (LCI-eGFP-Polymer)
and bactericidal hybrid (LCI-EndLys), which prevents bacterial debris
from adhering while killing bacteria. The combination of two antibac-
terial mechanisms (killing bacteria and resisting bacterial adhesion) shall
be efficient in enhancing the antibacterial effect and addressing the
problem such as bacterial residues on anti-adhesion coatings.

Fan et al. [273] prepared a synergistic antibacterial coating (genta-
micin (GS)/montmorillonite (MMT)) with mechanisms of sustained
release, bacterial adsorption, and bactericidal performance on
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biodegradable magnesium alloy. Based on this, the release time of GS is
prolonged by the MMT sustained-release method, and the local avail-
ability of the drug is improved. The MMT with strong adsorption ability is
used to adsorb bacteria, and the aminoglycoside gentamicin (a positively
charged polymer of cationic nature) with broad-spectrum antibacterial
effects binds to the anionic compound on the bacterial surface to destroy
the permeability of bacterial cell membrane and thus achieve bacteri-
cidal effects. In vitro studies have indicated that the GS/MMT coating
shows no toxic damage at the implantation site in addition to prominent
inhibitory effects on Escherichia coli and Staphylococcus aureus. Addi-
tionally, due to the simple and convenient preparation process, the
GS/MMT coating is expected to be an excellent candidate for addressing
the problem of IRIs.

Wang et al. [274] designed multilayer Zn nanotopographic calcium
phosphate (CaP) coatings by an antimicrobial trilogy strategy, with CaP
(the top layer) nanotopographic features providing contact sterilization
at the early stage of implantation. Zn?>* can be continuously released
under physiological conditions with the hydrolytic degradation of CaP at
the medium stage. Later on, Zn?* from the bottom sodium titanate li-
brary offers contact-killing and release-killing modes to eradicate path-
ogens in bone or surrounding tissues. In vivo experiments in a rat femur
model have shown the good biofilm removal capability of the graded
antibacterial coating and that the sustained release of Sr?" and Zn?* can
better promote bone fusion. This antimicrobial trilogy strategy is inter-
esting for long-term infection preventing effect.

Fichman et al. [275] designed a novel peptide-based antibacterial
adhesive hydrogel based on mussel foot protein-5 (Mfp-5) polypeptide.
Lysine in the polypeptide possesses antibacterial activity, and 3,4-dihy-
droxy-1-phenylalanine (DOPA) residues in the polypeptide are easily
oxidized to generate HyO,. Therefore, the dual mechanisms of contact
induction and peroxide sterilization are achieved; specifically, the bac-
terial film is broken by surface contact and HoO5 is generated to achieve a
bactericidal effect, which can be applied to antibacterial coatings for
preventing IRIs.

In summary, synergistic antibacterial coatings with two or three
mechanisms can effectively prevent bacterial colonization and biofilm
formation on the implant surface, prolong the use of antibacterial coat-
ings, and add other related bioactive functions. Great achievements have
been made in relevant research. It should be noted, however, that the
different antibacterial coating strategies may interfere with each other in
practical applications. For instance, bactericidal strategies usually require
contact between bacteria and the coating surface to play their roles, while
bacteriostatic components often make the coating surface repel bacteria
or reduce the adhesion between bacteria and the surface. In addition,
most coatings have no surface self-cleaning function, so the residual
bacteria and debris cannot be removed in a timely and effective manner,
affecting the long-lasting antibacterial performance. Thus, to maintain
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long-lasting antibacterial activity and good biocompatibility, it is vital for
exploring strategies to balance multiple antibacterial mechanisms.

3.5. Multi-functional antibacterial coatings

In clinical practice, the successful implantation and long-term use of
orthopedic implants rely on not only antibacterial performance but also
additional functions such as promoting osteocyte adhesion, proliferation
and differentiation, and good stability, biocompatibility, and anti-
coagulation properties. Good mechanical performance, resistance to
wear and corrosion, and load-bearing capacity may also be required
[276]. Studies have shown that there is competition between bacteria
and host osteoblasts during surface binding, and that reducing bacterial
adhesion and improving osseointegration are essentially identical. If
osteoblasts can win the competition on the surface, they can achieve
long-term antibacterial actions. Hence, it is of great significance for
endowing antibacterial coatings with additionally improved biological
properties to achieve multi-performance and multi-functionalization and
thus better clinical performance, which shall be the main direction of the
future development of antibacterial coatings.

Han et al. [277] prepared multifunctional Ti/8DSS/PEG coatings
with both antifouling and osteogenesis-promoting functions by the tan-
nic acid-mediated LbL self-assembly, with an octa-complex (8DSS) of
PEG and the biomineralization inducer aspartate-serine-serine as the
functional raw materials (Fig. 4), which, in addition to having good
anti-biofouling performance, can induce the formation of hydroxyapatite
and thus promote the osteogenic differentiation of bone marrow-derived
MSCs, facilitating visible osteogenesis around the implant and showing
excellent biocompatibility in vivo. After implantation in rat femoral
condyles for 4 weeks (Fig. 5a), the 3D reconstruction of new bone in
growth within implants (Fig. 5b) and the quantitative analysis of femur
and new bone growth (Fig. 5¢) explicitly demonstrate the in vivo bone
formation enhancing effect of Ti/8DSS/PEG. More importantly, this
design is simple and easy to implement in clinical practice, serving as a
promising option for the development of multifunctional antibacterial
coatings with both anti-infection and osseointegration-promoting
functions.

To exploit titanium implants with long-term antibacterial properties
and superior biocompatibility. In a recent study, Chen et al. [278] inte-
grated QACs, Ag nanoparticles, and TiO5 nanotubes to produce a coating
that kills bacteria by releasing Ag ions as well as killing bacteria when in
contact with QACs (a non-leaching antibacterial agent). According to the
results, TiO2 nanotube-Ag-QAS coating has an antibacterial activity of
around 99.9% after different time intervals of incubation. Moreover, it
was found that the coating displayed good biocompatibility due to the
low release rates of Ag nanoparticles which did not damage the cells, and
the presence of a layer of QAS that enhanced the viability of the cells. Rao
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Fig. 4. Schematic illustration of anti-adhesion and osseointegration via Ti/8DSS/PEG [277].
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Fig. 5. Invivo experiments. (a) Digital photographs of in vivo experiment: (i) incision and exposure of the surgical area, (ii) implantation model formation, (iii) implant
embedment, and (iv) suture of the surgical area; (b) 3D reconstruction images of new bone in growth within implants in rat femoral condyles: (i) Ti and (ii) Ti/8DSS/
PEG; (c) Quantitative analysis of femoral and new bone in growth within the ROI at 4 weeks after implant surgery: (i) BV/TV, (ii) Tb.N, (iii) Tb.Th, and (iv) Tb. Sp. *p

< 0.05, **p < 0.01, and ***p < 0.001 [277].

etal. [279] prepared a dense and uniform Ag nanoparticle-modified layer
on the surface of polyether-ether-ketone (PEEK), a typical material for
orthopedic implants, which can not only effectively eliminate cytotox-
icity resulting from an excessively high concentration of Ag™, but also
obviously enhance the antibacterial property of coatings due to the good
hydrophobicity of Ag nanoparticles and the good bactericidal properties
of Ag™.

Mg alloys have attracted great attention in the field of biodegradable
orthopedic implant materials due to their density and modulus of elas-
ticity close to those of human bones, as well as non-toxic degradation
[280]. However, magnesium degrades rapidly in the human body fluid
environment and may cause detrimental effects (e.g., reduced strength,
massive hydrogen precipitation, local alkalinization of body fluids, and
bacterial infections [281,282]). Accordingly, Cui et al. [283] prepared a
chitosan (CHI)/DNA multilayer film (CHI/DNA)s/Mg(OH); on the sur-
face of NaOH-pretreated AZ31 magnesium alloy by the LbL assembly
method and obtained a novel functional composite coating that improves
corrosion resistance, antibacterial performance, and biocompatibility of
magnesium alloy. Mg(OH); as a physical barrier can prevent the pene-
tration of corrosive ions, while (CHI/DNA)s can induce the formation of
HA corrosion product film to protect substrates for a long period of time,
and the contact sterilization effect of CHI endows coatings with good
antibacterial activity. In addition, the good biomineralized effects of DNA
and CHI compensate for the disadvantage that the outer polyelectrolyte
multilayer film is relatively thin, thus exerting a positive effect on pro-
moting bone growth. Yuan et al. [284] constructed a novel nano-
composite coating composed of Mg(OH),, GO, and hydroxyapatite
(Mg(OH)2/GO/HA) sequentially layered with a continuous interface and
strong surface-interfacial bonding on the Mg-0.8Ca-5Zn-1.5Ag surface.
In vivo and in vitro experiments indicated that the composite coating can
slow down magnesium alloy degradation, suppress pathogenic bacteria,
and promote bone regeneration, providing a new surface modification
strategy for creating multifunctional Mg-based implants.

Rahnamaee et al. [285] designed a nanofibrillated chitosan-coated
titania nanotube array/graphene nanocomposite multifunctional
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coating based on the biological and topological properties of chitosan
nanofibers (CH) and graphene oxide (RGO) and found that the designed
material features promote osteoblast cell viability, prolong antibiotic
release profile, and inhibit bacterial biofilm formation. This design has
fulfilled the need for an ideal implant with characteristics of osteoblast
cell adhesion, bacterial adhesion resistance and bactericidal potency.

3.6. Smart antibacterial coatings

Fabricating coatings that can interchange multiple antibacterial
mechanisms and possess the function of “surface regeneration” or
smartly respond to certain stimuli is of great significance to achieve long-
lasting controlled antibacterial effects. In recent years, smart antibacte-
rial coatings have been developed, which not only integrate the functions
such as resisting bacterial adhesion, killing bacteria, and releasing dead
bacteria (namely “surface regeneration”), but also realize the controlled
release of antibacterial agents through smart stimulation via physical and
chemical approaches, thus achieving long-lasting effect and reducing the
potential side effects. As such, smart antibacterial coatings are considered
the most ideal antibacterial coatings. In general, smart antibacterial
coatings can be divided into endogenous responsive and exogenous
stimulating types [286].

3.6.1. Endogenous responsive type

Endogenous responsive coatings primarily involve the response to pH
and bacterial secretions. The former is mainly stimulated by means of the
acidification of the bacterial infection environment [287], whereas the
latter refers to the response to various enzymes (such as phospholipase,
hyaluronidase, cholesterol esterase and metalloprotease) or toxins secreted
during the metabolic process [288,289]. Common pH responsive coatings
are prepared based on electrostatic interactions. For example, negatively
charged molecules and positively charged antibiotics are prepared by LbL
self-assembly into neutrally stable coatings [290-293], or acid-sensing
bonds (Schiff base bonds [294,295], metal coordination bonds [296],
and borate ester bonds [297,298]) are introduced into preparation. In
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addition, pH responsive coatings can also be prepared based on the reactive
binding between nanoparticles and drugs and the responsive molecules
such as polymethacrylic acid (PMAA) [240].

With the deepening of research, degradable smart responsive anti-
bacterial coatings characterized by long-term stable antibacterial ability,
good biocompatibility and an osteogenesis-promoting effect have been
further explored. For example, Fang et al. [299] prepared
vancomycin-modified specific demineralized extracellular cancellous
bone matrix (Van-SDECM) coatings with a rapid response in an acidic
environment and slow drug release in a physiological environment on the
substrate of SDECM. With strong negative charge, SDECM can carry
positively charged vancomycin by electrostatic adsorption to release
drugs for quick sterilization in a pH-sensitive manner in an acidic envi-
ronment at the early stage of infection, slowly release drugs for contin-
uous sterilization in a physiological environment at the mid-late stage,
and maintain a long-term sterilization ability to prevent recurrence of
infections under an infection-free state. Moreover, SDECM possesses
good biocompatibility and osteogenic ability, and its strong ability to kill
bacterioplankton and adhesive bacteria has been demonstrated in
bacteriological experiments in vitro. In general, such responsive coatings
can effectively respond and release antibacterial agents to sterilize and
reduce the generation of drug-resistant bacteria. Meanwhile, the prepa-
ration method is simple and applicable to a variety of bacteria, and it,
effectively combined with other antibacterial mechanisms, can be used to
obtain multifunctional coatings. However, such coatings may have poor
stability under actual complex conditions.

As another common type of endogenous responsive coatings, the
responsive antibacterial surface is designed based on multiple enzymes
produced during bacterial metabolism [300]. With inherent biocompat-
ibility, such coatings display good development prospects and are ad-
vantageous over pH responsive coatings in a biological environment. For
example, through electrostatic LbL self-assembly of positively charged
chitosan and negatively charged HA (a natural polysaccharide with good
biocompatibility and strong modifiability) modified with AMPs on the
substrate surface, hyaluronidase responsive antibacterial coatings can be
obtained. Hyaluronidase released by bacteria can hydrolyze HA to
release the antimicrobial component AMPs, thus killing bacteria [289,
301]. However, the enzymes secreted by different kinds of bacteria vary,
so it is difficult to achieve a broad-spectrum antibacterial effect.

To further enhance the antibacterial effect, pH response, enzyme
response or other modes are usually combined to achieve a dual/
multiple-responsive synergistic antibacterial effect. For example, Wang
et al. [302] prepared dual-responsive (hyaluronidase and pH)
releasing-type antibacterial coatings. In situations where the
Gram-positive bacterial infection occurs, the hyaluronate layer on the
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coating surface is rapidly enzymatically cleaved by the hyaluronidase
secreted by bacteria, and the f-carboxyl group responds to the local
microenvironment change such as bacterial acidification, leading to the
rapid release of p-carboxyl-immobilized vancomycin to kill bacteria. This
smart responsive coating shows precisely controlled release profile of the
antibiotic by responding to the dual stimulation of hyaluronidase
secreted by bacteria and pH, thus exhibiting better cytocompatibility and
antibacterial performance.

Yang et al. [303] utilized two natural fabricating units, proto-
catechualdehyde (PA) and aminoglycosides (AGs), to achieve dynamic
imine bond formation and enzyme-catalyzed polymerization reactions in
the presence of the plant enzyme horseradish peroxidase and fabricated a
non-surface-dependent highly efficient smart antibacterial coating. In
addition to high-level drug loading and dynamic pH response perfor-
mance, this coating has adjustable drug release profiles to achieve the
on-demand release of antibiotics and efficient antibacterial activity,
which provides an idea to fabricate powerful and smart antibacterial
coatings using bionic materials.

By attaching an AMP with an osteogenic fragment to the surface of
AgNPs via the hydrogen bond and carrying AgNP@AMP with collagen-
structured filament (SF), Zhou et al. [304] prepared antibacterial coat-
ings that can be triggered by infections. The results showed that the
Ag@AP/SF has significant pH-responsive release properties. Under
varying pH circumstances, the initial release amount increased by about
ten times, and under neutral conditions, the release effect persisted for 28
days (Fig. 6a). Ag@AP/SF remained steady throughout the first two days,
and Ag + emission was little, as seen in Fig. 6b. However, a sharp rise in
Ag + release showed a release behavior driven by the infection when the
pH decreased to 5.4 (simulating the scenario of bacterial infection).
Changes in the external pH may lead to a shift in the conformation of the
fibroin protein, with the a-helix structure changing to a f-sheet structure,
attenuating the surface binding to AGNP@AMP complex and the dense
nature of the coating, and ultimately, Ag" is released rapidly to achieve
infection-triggered antibacterial effects. Moreover, Ag@AP/SF is effec-
tive in repressing bacterial adhesion and maintaining high bactericidal
efficiency 1 month after implantation, without biofilm formation on the
surface. In addition, Ag@AP/SF evidently slows down the release of Ag™,
while the low-concentration Ag" facilitates cell proliferation and osteo-
genic differentiation. Ag@AP/SF promotes not only osteogenesis but also
osseointegration at the interface. Besides, in vivo implantation experi-
ments further confirmed that the SF on the surface of Ag@AP/Ti implants
is sufficient to withstand variable stress and friction (within 8 W) and
that this multi-functional coating effectively ensures that Ag@AP/SF
exerts its biological effects throughout the process of osteogenesis and
bone healing (Fig. 7).
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Fig. 6. (a) The cumulative release profile of Ag™ at different pH conditions; (b) pH-controlled release of Ag" from Ag@AP/SF coatings [304].
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Fig. 7. Scheme illustration of antibacterial mechanism and osteogenesis mechanism of SF-based functional coatings [304].

3.6.2. Exogenous stimulated type

Exogenous stimulated coatings display antibacterial activity upon
stimulation of external conditions. Such coatings can solve the problems
of poor stability and uncontrollability of drug release and bacterial
resistance existing in drug-loaded releasing-type antibacterial coatings,
making them a safe and effective method. Exogenous stimulated coatings
mainly cover the temperature control type, light control type, electric
signal control type, and other stimulus responsive types. Among them,
the light control type has temporal and spatial controllability, strong
penetrability and small toxicity, and it can also be precisely controlled
[305,306]. At present, photothermal therapy (PTT) and photodynamic
therapy (PDT) have been the most widely studied methods for antibac-
terial application in bone implants. As compared to traditional treatment
methods, such coatings work only when exposed to light, producing an
interesting “switch effect”, so that whether to kill bacteria can be
determined according to demand, which has aroused great interest
among researchers. Therein, antibacterial photothermal therapy (PTT) is
a local thermal therapy to destroy bacterial integrity using photothermal
converters (mainly including noble metal nanomaterials, metal sulfi-
de/oxide nanomaterials, carbon-based nanomaterials, polymers, and
organic small molecule-based nanomaterials [307]), characterized by a
broad spectrum of bactericidal activity, no drug resistance, and few side
effects [308]. The rapid development of photothermal materials in recent
years has provided new ideas for the development of such antibacterial
coatings [309]. Photodynamic therapy (PDT) is mainly based on the
generation of ROS that are toxic to cells by light irradiation of photo-
sensitizers to achieve bactericidal effects, which has also attracted wide
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attention because of effective eradication of pathogenic bacteria, ad-
vantages of repeated sterilization, avoidance of the emergence of
drug-resistant bacteria, minimal invasiveness, and deep tissue penetra-
tion [310]. However, it is difficult to heat bacteria directly and specif-
ically by PTT alone, and surrounding normal cells may be destroyed
under prolonged heating at a certain temperature. Meanwhile, due to the
short lifespan of light-excited ROS, PDT alone cannot effectively cure
recurrent bacterial infections, and long-term irradiation may also cause
damage to normal tissues. In addition, their clinical use is also restricted
to some extent due to the lack of photothermal agents and photosensitive
materials with excellent photothermal conversion efficiency.

In view of the above problems, other antibacterial modes have been
introduced into phototherapy, or other antibacterial materials are
effectively combined to achieve a synergistic and complementary anti-
bacterial effect. For example, Wang et al. [311] connected the
liposome-encapsulated photosensitizer (PS), IR780 and perfluorohexane
(PFH) by covalent bonds onto the Ti implant surface and then induced a
photodynamic antibacterial effect by near-infrared (NIR) light. With high
oxygen capacity, PFH can overcome the problem of a low yield of ROS in
vivo, and generate ROS through the NIR irradiation in the case of low
oxygen content in vivo, thereby effectively enhancing the antibacterial
effect. The results showed that the antibacterial rate of the modified
implant surface against Escherichia coli and Staphylococcus aureus can be
up to 99.62% and 99.63%, respectively, and good in vitro and in vivo
bactericidal effects are also verified. Li et al. [312] developed a
Ti-RP/PCP/RSNO composite hydrogel coating responding to NIR on the
surface of Ti alloy, achieving a good synergistic antibacterial effect by
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photothermal action and ROS. Moreover, the expression of osteogenic
genes and osteogenic differentiation can be effectively strengthened by
the slow release of NO and polarization of macrophages. Deng et al.
[313] utilized sulfonated PEEK (SPEEK) with 3D network structures as a
substrate and deposited GO with high photothermal conversion effi-
ciency and good biocompatibility as well as polydopamine (PDA) layer
on the surface of sPEEK by n-n-n stacking. Subsequently, adiponectin
(APN) was grafted to generate an orthopedic implant coating with both
efficient osteogenic induction performance and reproducible remote
photo-controlled bactericidal performance. The results showed that this
system can rapidly raise temperature to efficiently kill Staphylococcus
aureus and Escherichia coli, and the bactericidal rate is still more than 95%
after multiple cycles, exhibiting good, repeated photo-controlled bacte-
ricidal properties. In addition, the grafted APN can repair the tissue
damage caused by local overheating during PTT and promote the ori-
ented differentiation of osteoblasts. The results of animal experiments
further proved that the SPEEK/GO/APN system facilitates osseointegra-
tion around the implant and promotes revascularization around the
implant. Overall, this system successfully kills bacteria in a remote,
controllable, repeatable, and efficient manner, which opens up a new
direction for “exogenous” bactericidal actions to solve IRIs.

In clinic, iodine serves as an effective disinfectant with broad-
spectrum antibacterial efficacy and no risk of drug resistance, but its
poor volatility and solubility result in large limitations in clinical appli-
cations. Hence, Teng et al. [314] proposed a “synergistic anti-infection
strategy” based on triggered iodine release and photodynamic effects.
Specifically, based on the excellent absorption capacity and inherent
photocatalytic properties of MOFs, iodine is loaded onto zeolitic imida-
zolate framework-8 (ZIF-8) using a vapor deposition process, which is
then immobilized on microarc titanium oxide by hydrothermal method,
thus achieving iodine-responsive release and oxidative exposure of
intracellular ROS under NIR irradiation to achieve synergistic antibac-
terial effects. This combination prominently improves the antibacterial
efficacy in vivo and in vitro. Moreover, this composite coating also sup-
ports osteogenic differentiation of bone marrow stromal cells and effec-
tively improves osseointegration of the implant. The composite coating
not only improves antibacterial efficacy without compromising the
osteogenic potential of the implant but also successfully avoids the
inherent defects of iodine, so it has become a novel strategy for resisting
IRIs.

Such novel synergistic antibacterial coatings are also constructed by
introducing photocatalytic sterilization and designing coating structures.
For example, Hong et al. [315] designed a BixS3@Ag3PO4 heterojunction
film on the surface of Ti alloy implant. AgsPO4 can effectively improve
the photocatalytic effect of bismuth sulfide without affecting its photo-
thermal performance, thereby greatly raising the bactericidal effect of the
material. In this way, the coating displays rapid and efficient sterilization
and bacterial biofilm-eliminating ability by the synergistic effect of ROS
and photothermal action under the NIR irradiation. Moreover, the trace
silver ions slowly released by AgsPO4 can suppress the biofilm, which
provides a promising strategy for long-term and stable antibacterial
coatings on the implant surface. Zhang et al. [316] prepared TiO,
nanorod arrays based antibacterial coatings on the Ti implants with the
synergistic bactericidal approaches (i.e., light-assisted therapy and
nanostructures). The results manifested that the Ti implants exhibit
efficient and excellent bactericidal actions and biofilm removal capabil-
ities under exogenous NIR light irradiation (Fig. 8). Moreover, the
nanorod structure of TiO; can also facilitate osteoblast adhesion, spread
and differentiation, which promotes the development of new bones.
Evaluation of osteogenic performance after one month of implantation is
shown in Fig. 9. Synergistic effects of the photothermal technique, ROS,
and nanorod puncture make the Ti implants display excellent antibac-
terial ability, effectively addressing bacterial infections and promoting
osteogenesis.

This direction can guide the design of safe and efficient anti-infection
interfaces in clinical applications. Similarly, Zhang et al. [317] designed a
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synergistic antibacterial system composed of F-Yb-Ho co-doped titanium
dioxide nanorods (TiO,NRs) and curcumin (Cur) on the Ti implant.
TiO2NRs can generate sufficient heat for photothermal therapy under the
NIR irradiation, and its physical structure can kill attached microbial cells
through the mechanical destructing mechanism. Meanwhile,
up-conversion materials are formed by F-Yb-Ho doping, greatly
improving the photocatalytic activity of TiO». In addition, Cur and BMP-2
are successively grafted to the surface of NRs through electrostatic
binding, so that ROS required by PDT is supplemented to achieve a
synergistic antibacterial effect, and both good osseointegration and
relieved immune response are realized in the coating system. Cai et al.
[318] prepared TiOy/Ag photocatalytic nanofilms by the atomic layer
deposition technique and in situ photoreduction process, which broad-
ened the light absorption range from the UV light to the visible light. Due
to the contact potential difference between TiO, and AgNPs, their com-
bination at the surface interface formed a Schottky heterojunction, which
generated ROS while hindering the electron-hole recombination rate,
greatly improving the photocatalytic effect. In vitro visible light irradia-
tion and tests have indicated that this coating has not only a rapid and
good antibacterial effect but also favorable biocompatibility. Zhang et al.
[319] designed photoactivated composite oxide of copper ferrite
(CuFe304) heterojunction coatings on bioinert PEEK implants. The
cycling heterojunction between two redox pairs of Fe(IlI)/Fe(II) and
Cu(II)/Cu(l) in CuFey04 can continuously catalyze the production of
bactericidal OH from H,O5 via the Fenton (-like) reaction in the bacterial
infection microenvironment (IME), which not only produces photo-
thermal and photodynamic effects under the NIR irradiation but also
effectively improves the release of Cu and Fe ions to promote the oste-
ogenic function. Besides, CuFe;04/graphene oxide (GO) heterojunctions
were also constructed by hybridizing 2D GO, further enhancing the NIR
absorption of CuFe;04 and the phototherapeutic effect.

In addition, studies have been conducted on the development of novel
photosensitive materials with excellent conversion efficiency. Charac-
terized by a good antibacterial effect due to high activity, excellent
photoelectric properties, excellent ability to generate ROS under irradi-
ation, unique shape and specific surface area, graphene, metal-based 2D
materials, transition metal sulfides, black phosphorus (BP) [320], and
other 2D nanomaterials have been paid extensive attention and received
in-depth research [321]. For example, Chai et al. [322] first prepared
porous TiO coatings on the surface of Ti implant by micro-arc oxidation,
and loaded graphene oxide on the coating surface by dopamine, which
addressed the weaknesses of no antibacterial performance of porous TiO5
coatings under the NIR irradiation. Upon 808 nm NIR laser irradiation,
porous TiO, coatings are endowed with excellent photo-assisted anti-
bacterial ability due to the synergistic effect of local overheating and
ROS, which shows good potential in clinical use. Similarly, MoS, has
good photosensitivity. Molybdenum is an essential trace element for the
human body and it plays a highly important role in both physiological
function and metabolism. MoS, is non-toxic and harmless, and it can also
be well loaded with other biomolecules, becoming an ideal biomedical
material, which has also been widely concerned [323,324]. Yuan et al.
[325] prepared MoS,/PDA-RGD coatings on the surface of Ti implant,
which can not only exist in vivo for a long time, but also perform well in
inhibiting in-situ bacterial infections and improving osseointegration, and
they also verified by in vivo experiments that such coatings cause no
damage to normal tissues.

Characterized by unique structure, physical and chemical properties,
biocompatibility, biodegradability and low toxicity, BP is considered
outstanding when used in the biomedical field. In particular, BP can work
simultaneously as the carrier of metals (Ag, Au, etc.), in-situ green
reducing agent and stabilizing agent [326] to directly reduce on its sur-
face for uniform loading, avoiding introducing additional reducing
agents as compared to other 2D materials such as graphene. Moreover, it
can be degraded into phosphate (PO3~) necessary for the human body
under the action of water and oxygen. Due to the excellent NIR absorp-
tion, irradiation with NIR light not only promotes the breakdown of BP
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Fig. 8. Antibacterial performance: (a—d) Antibacterial rates of the Ti, NS1, NS2, NS3, and NS4 (Ti and TiO, nanostructures (1.0 x 1.0 cm?) that immersed in 1 mL of
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15 min (*p < 0.05, **p < 0.01, and ***p < 0.001) [316].
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Fig. 9. In vivo osteogenic performance: (a, b) 3D im-
ages reconstructed by micro-CT in Ti and NS4 im-

into PO3~, but also increases chemical activity to speed up the reaction
between PO~ and Ca®" and promote in situ biomineralization. There-
fore, BP has great application potential in the biomaterial field, especially
in tissue engineering [327]. Wu et al. [328] prepared ZnlL,-BPs with BP
sheets (BPs) and zinc sulfonate ligands (ZnL;) and integrated them on the
surface of hydroxyapatite (HA) scaffold, obtaining ZnL,-BPs@HAP. BPs
have an excellent photothermal effect, and ZnL; can increase the thermal
sensitivity of bacteria around the implant by inducing envelope stress.
Under the NIR irradiation, the antibacterial capacity of ZnL,-BPs@HAP is
significantly improved due to the photothermal effect, and it also de-
velops good stability and biological safety. Zn?>* and PO}~ are gradually
released in the later stage to benefit later osteogenesis, thereby achieving
a sustained photothermal antibacterial effect and promoting bone
regeneration. In addition, in vivo studies have demonstrated that there is
almost no inflammatory cell infiltration and bacterial contamination
around the implant, and no severe damage is caused after the NIR irra-
diation, displaying good potential in clinical use. However, BPs often
have defects such as fast photo-induced electron-hole recombination and
weak and narrow light absorption in the photocatalytic process. In view
of this, Liang et al. [329] designed a novel AgNP-doped BP composite
coating. With the introduction of AgNPs, efficient action sites are pro-
vided for the adsorption and activation of Oy on the composite material
during the photocatalytic process, greatly facilitating the generation of
ROS. Besides, AgNPs can accelerate the separation and transport of
electron hole, thus suppressing photo-induced electron-hole recombina-
tion, enhancing the light utilization, and exhibiting an overall good
antibacterial effect, which provides a new idea for further BP-based
biomedical research.

3.6.3. Other categories of smart coatings

Researchers are also working on the development of some novel
smart coatings by means of the process and characteristics of bacterial
infections. Some interesting examples are described here.

Fu et al. [330] prepared HA/MoS; modified coatings on the surface of
Ti implant by laser cladding and CVD. When bacteria adhered to
HA/MoS; coating, the electrons from bacterial membranes were

18

plants; (b1-b3) 2D micro-CT images of NS4 implants
in tibia; (c¢) Quantitative analysis of bone volume/
total volume (BV/TV) around the implants calculated
from the micro-CT (**p < 0.01); (d) Safranin-O/Fast
Green staining of the tissues around the implants
after 1 month of implantation; (e) Methylene blue-
acid fuchsin staining of the tissues around the im-
plants after 1 month of implantation [316]. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

transferred to the coating due to the potential difference between the
coating and bacteria. This coating utilizes the energy generated during
the metabolic process of Staphylococcus aureus and Escherichia coli to
trigger its antibacterial activity without additional energy, thereby
creating an infection-triggered self-activated antibacterial process.
Moreover, this coating also shows broad-spectrum antibacterial perfor-
mance and strong ability of osteogenic differentiation, which may
effectively solve the implant osseointegration problem.

Cao et al. [331] introduced antimicrobial inert metals (e.g. silver) and
osteogenesis-promoting active metals (e.g. calcium) simultaneously onto
the Ti surface to construct a “bifunctional microbattery” based on the
“proton coupled electron transfer” theory. The proton motive force
(PMF) on which the bacterial energy synthesis depends is “disrupted” by
cathodic hydrogen evolution reaction of the “microbattery”, and the
anodic corrosion (ion release) of “microbattery” “attracts” bacteria to
“store” active ions (energy consumption). With such a synergistic effect
of the two above, bacteria are placed in a serious “stress” state, so that the
antibacterial surface with cell selection features can be successfully
prepared, which provides a new direction for the research and applica-
tion of “antibacterial + osteogenic” implant.

Chu et al. [332] demonstrated the adjustable antibacterial activity of
para-mercaptobenzoic acid (pMBA)-capped gold nanoclusters (GNCs).
The anionic amphiphilic GNCs are thought to disrupt the structural
integrity of the phospholipid bilayer, increasing membrane permeability
and causing leakage of essential intracytoplasmic contents, the antibac-
terial activity of which is closely related to the protonation level of pMBA
ligands. Under a lower pH environment with more ligands protonated,
the GNCs show enhanced antibacterial activity while keeping minimal
cell cytotoxicity. Afterwards, the authors constructed GNCs based
mixed-metal metal-organic network (MM-MON) film on the Ti substrate
by metal-ligand coordination-driven and solvent evaporation-induced
self-assembly as antibacterial nanocoatings. The heterobimetallic
MM-MON films enable the bacteria-trigged release of Cu?>" while main-
taining structural integrity. The in vitro and in vivo data demonstrated a
bacteria-triggered release character and contact-killing ability of the
self-defensive MM-MON film nanocoatings. This system integrates the
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smart bacterial-responsive character of GNCs and excellent chemical
stability, and significantly enhances the antibacterial activity via the
introduction of antibacterial ions, finally killing adherent bacteria and
launching a self-defensive function, thus providing a novel technique and
feasible protocol for the development of smart antibacterial coatings.

With MMT, polylysine (PLL), and a chlorhexidine (CHX) as raw ma-
terials, Liao et al. [333] prepared a bacteria-responsive antibacterial
coating loaded with enzyme (i.e., MMT/PLL-CHX) on the surface of or-
thopedic implants through LbL assembly technique. The results implied
that after being incubated with Staphylococcus aureus and chymotrypsin
(CMS) solution, the (MMT/PLL-CHX)10 multilayer film structures were
gradually destroyed and displayed excellent concentration-dependent
degradation features. High levels of bactericidal activity were demon-
strated in protein leakage tests and bacterial inhibition rate measure-
ments. The (MMT/PLL-CHX)10 multilayer films also have perfectly
biocompatible, according to the CCK-8 examination. Moreover, the
implant coated with multilayer films showed lower infection and
inflammation rates in vivo antibacterial tests than the unmodified group,
and all parameters were similar to those in the sham group.

With in-depth research on smart coatings, those with self-healing
functions have been constructed to further strengthen the antibacterial
effects. Wang et al. [334] obtained decyl-polyethyleneimine (DPEI) using
alkyl side chain polyethyleneimine (PEI) with good hydrophobic per-
formance, and then used DPEI micelles and polyacrylic acid (PAA) to
prepare smart antibacterial coatings that can self-heal in a short period by
LbL self-assembly. The results showed that this coating can effectively
prevent bacterial adhesion (more than 90%) and biofilm formation in a
short period. More importantly, based on the reversible interaction force
between molecules and molecular mobility, this coating can achieve
rapid self-healing under wet conditions, effectively reducing bacterial
adhesion and contamination in the scratch damage area of the implant
and thus ensuring a long-lasting antibacterial effect.

In a word, these smart responsive coatings can incorporate the
functions of killing bacteria (contact sterilization), releasing dead bac-
teria, and resisting bacterial adhesion, and can also repeatedly switch
among these functions. They can respond to specific stimuli to achieve
controlled rapid and long-term bactericidal actions. In particular, the
introduction of PTT and PDT contributes to avoiding the use of relevant
drug-based antibacterial agents and effectively ameliorating or solving
the problems such as cytotoxicity and drug resistance. However, the
current studies are basically in the preliminary stage, and the implant
may not effectively use external triggers in practice to alter the anti-
bacterial mode for achieving a truly smart antimicrobial effect. It will be
one important trend in the future to develop antibacterial coating that
can rapidly respond to local bacteria in vivo, thus realizing self-triggering
and greatly improving the flexibility and specificity of smart antibacterial
coatings.

4. Conclusion

IRIs have been a vexing problem to be solved in the medical field,
negatively affecting the clinical use of implants. The development and
application of various types of antibacterial coatings have provided
promising and innovative strategies to address this problem. In partic-
ular, advances in material science and technology and the continuous
development of novel preparation techniques have further propelled the
research and development of multiple antibacterial coatings. This paper
summarizes the mainstream types of coatings (including anti-adhesion
coatings, contact bactericidal coatings, releasing-type bactericidal coat-
ings, multi-mechanism antibacterial coatings, multifunctional coatings,
and smart antibacterial coatings) currently applied to orthopedic im-
plants based on different mechanisms and functions. Significant progress
has been made regarding these coatings in recent years, which are ex-
pected to play vital roles in the prevention and treatment of infections
associated with orthopedic implants in the future. Nonetheless, various
types of coatings have not yet been widely used in the clinic due to some
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limitations and drawbacks. For instance, the safety, effectiveness, long-
term and stability of antibacterial coatings when applied to implant
surfaces remain challenging in terms of techniques. In most studies,
coatings are tested for only short-term antibacterial properties, with no
systematic evaluations of their biointegration, long-term antibacterial
effects, toxicity, and so on.

Briefly, the development of antibacterial coatings for orthopedic
implants is in the preclinical research stage, and there is still a gap in their
clinical. It is widely accepted that the ability of host defense around the
implant is the ultimate means against infections. Thus, we hold that the
development of antibacterial coatings should not only emphasize the
antibacterial performance of implants but neglect their properties such as
biocompatibility and osteoinductive ability. Only endowing implant
surface with antibacterial performance is far from adequate for clinical
practical demands, and the osteogenic, biocompatible, wear-resistant,
load-bearing, and other performances of coatings must be taken into
account. Thus, the ideal orthopedic implant coatings should be “smart”
and multi-functional, which not only has great application potential and
research value but also will be the main direction of research on anti-
bacterial coatings in the future. Nevertheless, determining the balance
and the “optimal protocol” in the development of multifunctional coat-
ings will be challenging in the future. It is believed that with the
advancement of research, smart multi-functional coatings of orthopedic
implants will be widely applied in clinical orthopedics.
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