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Abstract: Orthopedic implant failure is the most common complication of orthopedic surgery,
causing serious trauma and resulting in a tremendous economic burden for patients. There are
many reasons for implant failure, among which peri-implant infection (or implant-related infection)
and aseptic loosening are the most important. At present, orthopedic doctors have many methods
to treat these complications, such as revision surgery, which have shown good results. However,
if peri-implant infection can be prevented, this will bring about significant social benefits. Many
studies have focused on adding antibacterial substances to the implant coating, and with a deeper
understanding of the mechanism of implant failure, adding such substances by different modification
methods has become a research hot spot. This review aims to summarize the antibacterial and
anti-inflammatory substances that can be used as coating materials in orthopedic implants and to
provide a reference for the prevention and treatment of implant failure caused by implant-related
infection and excessive inflammation.

Keywords: anti-inflammatory agents; antibacterial agents; coating; nanoparticles; orthopedic im-
plants; infection; failure

1. Introduction

The term “orthopedic implants” refers to metal devices and materials that are im-
planted into the human body through surgery to replace, support, or repair bones, joints,
cartilage, and other tissues. Orthopedic implants are widely used and maintain contact
with the body for a relatively long time. When orthopedic implants fail, patients may
require multiple revision surgeries, which involves a great deal of pain and creates a serious
socioeconomic burden. Thus, based on the clinical need and significant economic benefits,
it is urgent to reduce the failure rate of orthopedic implants.

There are myriad causes of implant failure, among which infection and serious in-
flammation are the two most important. Peri-implant infection caused by bacteria can be
divided into intraoperative and blood-borne (hematogenous) infections, even though the
implants are sterilized by methods such as autoclaving. According to the literature, the inci-
dence range of orthopedic peri-implant infection after open reduction and internal fixation
(ORIF) is about 0.4-16.1%, with an average of 5% [1]. The range of periprosthetic joint in-
fection (PJI) among all total joint arthroplasty (TJA) is approximately 1-2% [2]. Bacteria can
be brought into the operating room in three ways: people coming from outside can bring
bacteria into the operating room; bacteria can colonize on the surface of surgical packages
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and be transported as aerosols to then float in the operating room; bacteria colonizing on
the patient’s body can contaminate the surgical team’s clothes, hand covers, and tools and
the implants themselves. Orthopedic-implant-associated infections are mainly caused by
Staphylococcus, accounting for about 80% [3], while Staphylococcus aureus (S. aureus, about
15.6%) and Staphylococcus epidermidis (S. epidermidis, 42%) account for two-thirds of isolated
Staphylococcus strains [4]. The variety of bacteria isolated from infected implants and their
proportions are shown in Figure 1.
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Figure 1. Proportions of most common bacterial strains that cause implant-related infections.

The surface of an implant can be susceptible to these bacteria, mainly due to the for-
mation of biofilm, which can significantly enhance the ability of bacteria to resist antibiotics
and the human immune system and can also improve the adhesion of bacteria on the
surface [5]. On the one hand, bacterial infection is a frequent cause of peri-implant infection
and other complications, which can then cause tissue necrosis. After invading the human
body;, if the bacteria are diffused into the bloodstream, this can cause life-threatening sep-
ticemia. On the other hand, bacterial infection can seriously damage the function of the
implant and subsequently reduce its service life [6].

Hyper-inflammation is another major cause of implant failure, which can be divided
into infectious and sterile inflammation types. The inflammatory reaction caused by bac-
teria is called infectious inflammation. Its clinical manifestations are redness, swelling,
heat, and pain. Its fundamental pathological changes mainly manifest in degeneration
and necrosis of local tissues, exudation of liquid and cellular components in local tissues
and vessels, and proliferation of local inflammation. The inflammatory reaction caused
by physical and chemical factors is collectively referred to as aseptic inflammation. Be-
cause there is no bacterial infection, aseptic inflammation will not cause the high fever,
suppuration, severe redness, and swelling in the human body of infectious inflammation.
Aseptic inflammation is one of the main reasons for orthopedic implant failure, such as
aseptic loosening of the prosthesis, and its mechanism is unclear. The pathways for this
inflammation include a hypersensitivity reaction promoting an inflammatory response
around the metal implant [7], a large number of cytokines being secreted by immune
cells [8], or inflammation caused by the accumulation of wear particles and metal ions [9].
Thus, implant failure caused by hyper-inflammation involves several types of pathways.
During the course of aseptic inflammation, it is generally recognized that various factors
stimulate macrophages to release a large number of inflammatory mediators and cytokines,
including tumor necrosis factor-o (TNF-w), prostaglandin E (PGE), and interleukin-6 (IL-6),
which can stimulate macrophages and fibroblasts to synthesize and release more cytokines
and various proteases, further promoting the inflammatory response and stimulating the
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activity of macrophages and osteoclasts, causing bone resorption and finally aseptic pros-
thetic loosening. This process accounts for 39.9% [1] and 23.19% [2] of prosthetic failure
after total knee arthroplasty (TKA) and total hip arthroplasty (THA), respectively.

Antimicrobial resistance (AMR) is the main reason for the difficulty in treating or-
thopedic implant-related infections. Among the mechanisms of AMR, biofilm-related
infections are most closely related to orthopedic-implant-related infections, which are a
disastrous complex of infection and surgery trauma. This type of biofilm consists of a
colony of sessile bacteria irreversibly anchored to the implant surface, which is contained
within a self-produced matrix known as the extracellular polymeric substance (EPS), con-
taining mainly polysaccharides, lipids, proteins, and extracellular deoxyribonucleic acid
(DNA) [10], which can evade both antibiotic therapy and the natural defense of the host.
Biofilm is commonly associated with foreign bodies such as prosthetic devices, because
these abiotic artificial surfaces offer a ready interface for bacteria to attach and eventually
form biofilm [11]. Thus, we should pay attention to AMR when treating implant infections.

Therefore, if implant surface materials have antibacterial and anti-inflammatory prop-
erties, this can significantly reduce implant failure caused by infection and aseptic in-
flammation. At present, the research on implant surface materials mainly focuses on
biocompatibility by reducing the wear rate and on anti-infection aspects, while there are
few studies on surface materials with both anti-infection and anti-inflammatory effects.
Thus, in this review, we describe materials with anti-infection and anti-inflammatory effects
to provide new ideas when selecting implant surface materials to reduce the failure rate of
orthopedic implants in the future.

2. Coating Materials with Antibacterial Activity
2.1. Bactericidal Coating Materials

Bactericidal coatings usually fix bactericides (e.g., polymers, polycations, antibiotics,
or metals, such as Ag+) on the orthopedic implant surface to kill bacteria by adhesion or
close to the surface of bacteria to avoid infection.

2.1.1. Chitosan

Chitosan (CS) is the second most abundant bioactive polysaccharide after cellulose. It
is a linear hydrophilic amino polysaccharide obtained after partial alkaline deacetylation of
chitin, a natural structural polysaccharide mainly extracted from crustacean shells, cephalo-
pod endoskeletons, and fungal cell walls. CS has been widely used in the biomedical
field. It is a nontoxic, biodegradable, and renewable material that does not pollute the
environment and exhibits excellent adsorption performance. There are many positive
charges on the surface of CS, which is one of the reasons why it has antibacterial and
fungistatic properties [12]. CS can penetrate the nuclei of bacteria through the cell walls
and bind to DNA, indicating that it may kill bacterial cells by inhibiting DNA synthesis
or transcription [13]. The positively charged amino groups of CS interact with the anions
(glycosaminoglycans, proteoglycans, and other negatively charged molecules) in the bacte-
rial cell walls, effectively killing the bacteria, which can change the cell permeability and
form an impermeable layer around cells that prevents essential solutes from entering and
promotes bacterial death [14]. A schematic diagram of CS is shown in Figure 2.

HO HO
(0] 0O
0
HO HO

NHE NH;

Figure 2. Schematic diagram of CS. This polycationic polymer has an amino group and two hydroxyl
groups in each glycosidic unit. Positive charge the through polymer chain allows many electrostatic
interactions with negatively charged molecules.
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The positive charge of CS interferes with the negatively charged residues of macro-
molecules on the surface of bacterial cells, competes with calcium for negative charge
points on the membrane, and damages the integrity of the membrane, resulting in leakage
of intracellular substances and bacterial death [15]. The increased positive charge on the
CS will promote more interactions with the negative charge on the membrane protein
to improve the bactericidal activity. Over a specific range of molecular weights, the an-
tibacterial activity of CS increases with increased molecular weight; on the contrary, the
bactericidal activity will decrease when the molecular weight increases to a certain degree
because the charge intensity decreases. To solve this problem, surface modification of CS is
an effective method that can achieve better bactericidal properties. Kim et al. [16] obtained
carboxymethylated CS by modifying CS through acetylation (replacing the hydroxyl group
at the C-6 position with an acetyl group) and reported enhanced protonation of the amine
group at the C-2 position. Although the antibacterial activity of CS decreases to some extent
after degradation, its water solubility increases, which can significantly broaden its range
of application. The germicidal efficacy of carboxymethylated CS derived from degraded CS
is better than that derived from natural CS. Thus, the carboxymethylation substitution of
degraded CS improves its antibacterial activity without reducing its solubility. A schematic
diagram of the antibacterial mechanism of CS is shown in Figure 3.
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Figure 3. Schematic diagram of bactericidal mechanism of CS on (A) Gram-positive bacteria, (B)
Gram-negative bacteria, and (C) fungi [17]. Given the negative charge of teichoic acids in Gram-
positive bacteria, lipopolysaccharide (LPS) in Gram-negative bacteria, and phosphorylated mannosyl
in fungi, electrostatic interactions occur between positively charged CS and cell surfaces of microor-
ganisms. Furthermore, CS chelates environmental ions and nutrients required for bacterial survival.
Low-molecular-weight (MW) CS and oligo-CS might affect DNA, RNA, or protein synthesis after
passing through cell walls and membranes into cytoplasm. Additionally, low-MW CS and oligo-CS
inhibit mitochondrial function and ATP production.

In addition to being modified, CS also can be combined with other bactericidal mate-
rials, such as antibiotics, nanosilver, and titanium dioxide (TiO;), to exert the synergistic
effect of two or more bactericidal substances; its mechanism is shown in Figure 4. Iovine-
Kobata et al. [18] combined CS with ciprofloxacin in a rat model of S. aureus infection,
and concluded that the synergistic bactericidal effect was significantly stronger than the
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effects of the two agents individually. In a study by Shi et al. [19], CS-coated iron oxide
nanoparticles were shown to reduce S. aureus biofilm formation. Liang et al. [20] prepared
a sponge-like silver nanoparticle (AgNP)/CS composite dressing with asymmetric wetta-
bility using a two-step method: AgNPs were assembled in a CS sponge by freeze-drying,
then a thin layer of stearic acid was coated on one side of the sponge. AgNPs can enhance
the antibacterial activity against antibiotic-resistant pathogens. Surface modification can
ensure that AgNP/CS dressing has both hydrophobic and hydrophilic properties, while
the hydrophobic surface exhibits antibacterial penetration and antisticking abilities and the
hydrophilic surface can absorb dead bacteria and their fragments and effectively inhibit
the growth of bacteria. Additionally, the accumulation of silver ions in the asymmetric and
wettable AgNP/CS dressing is low, promoting cell growth in vitro. Other studies reported
adding antibiotics to CS to form a surface coating and loading it on the implant surface to
function as an antibacterial for prevention of peri-implant infection [21].

Free radicals on the
surface of AgNPs

Expansion o ©
—_ T

i)

Live cell Infected cell Died cell

Figure 4. Schematic illustration of inhibition mechanism of AgNP/CS microspheres on microorganisms [22]. Many NH3+
groups exist on molecular chains of CS in acid solution, so these CS molecules usually aggregate due to the interaction
between NHs* and -OH with partial electronegativity. AgNPs disperse uniformly in CS matrix combined with CS molecules
by Ag-O bond in CAgMs. Strong interactions between AgNPs and -OH on CS molecules leads to decreased interaction
between -NH;3;* and -OH, which is favorable to dissociation of aggregated CS molecules and exposure of -NH3*. Therefore,
more positive amino groups (-NHj3*) are able to electrostatically contact with negatively charged bacteria cells, accelerating

the breakdown of their cytoplasmic membrane.

Other materials can be combined with CS as coating materials to exert antibacterial
effects. Hydroxyapatite (HAp), whose structure is similar to the mineral constituents of the
mammalian skeleton, is widely used as a coating material on the surface of orthopedic and
dental implants, although it does not have antibacterial properties. Therefore, CS can en-
hance the antibacterial properties of HAP/CS composites, which can be produced in several
forms. Vaca-Cornejo et al. prepared CS-hydroxyapatite paste implants for chronic peri-
odontitis, an infectious and inflammatory disease [23]. Yan et al. [24] synthetized composite
coating formed with HAp via in situ CS-mediated pulse electrochemical deposition and
concluded that the nanocomposite coating showed excellent antibacterial activity. Further,
Yu et al. [25] synthetized a multi-component lysozyme—chitosan—silver-hydroxyapatite
hybrid coating and found that it exhibited good synergistic antibacterial activity.

2.1.2. Quaternary Ammonium Compounds

Among the commonly used antimicrobial agents, quaternary ammonium compounds
(QAC:s) have long hydrophobic alkyl chains and positively charged quaternary ammonium
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salt groups that can powerfully kill Gram-positive and Gram-negative bacteria and fungi
after being modified [26,27]. QACs have a bactericidal mechanism in which the positively
charged QAC molecules are easily attracted to the negatively charged bacterial surface
through hydrophobic and electrostatic forces. Once they are adsorbed or close enough
to the bacteria, they will replace Ca?* and Mg?* ions on the bacterial cell membrane to
maintain a neutral charge in the membrane. This ion exchange destroys the stability of
the bacterial intracellular matrix. Meanwhile, the hydrophobic “tail” (the hydrophobic
alkyl chain) can be inserted into the hydrophobic bacterial membrane of the bacteria,
resulting in disturbance of the bacterial plasma membrane and leakage of intracellular
liquid containing essential molecules. Both pathways can kill bacteria [28].
Photodynamic therapy (PDT), mediated by visible and near-infrared light, has at-
tracted much attention because of its target selectivity, remote controllability, minimal or
noninvasiveness, and biosafety in normal tissues. PDT can effectively kill bacteria [29],
including antibiotic-resistant bacteria, due to photosensitizers such as eosin Y(EY) that are
able to generate singlet oxygen, which can cause irreversible damage to many important
biomolecules such as cellular DNA, possibly leading to enzyme inactivation and inhibition
of DNA replication. A schematic diagram for the mechanism of PDT is shown in Figure 5.
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Figure 5. Schematic diagram of possible mechanism of photocatalytic degradation of ethylene and
antimicrobial activity of CS—TiO, nanocomposite film [30]. When activated by ultraviolet (UV)
light, electrons on TiO, surface are promoted and transferred from the valence band to conductance
band. This produces electron-hole pairs in the valence band. The positive hole (h+) reacts with
water or hydroxide ions (OH-) adsorbed on the TiO; surface to produce a highly reactive hydroxyl
radical (OH). Electrons (e™) reduce oxygen to produce superoxide ions (O, ™). These O, ~ and OH
are strong reactive oxygen species (ROS), which further oxidize ethylene to carbon dioxide and water
as end products.

Through a simple ring-opening reaction, Zhu et al. [31] synthesized EY group (EY-
QEGED-R, R=CHj or C¢H;3) antibacterial polycations, which have a variety of functional
groups, including quaternary ammonium salt, photosensitizer, primary amine, and hy-
droxyl. It showed significant synergistic antibacterial activity due to the combination of
the quaternary ammonium salt’s photodynamic and antibacterial effects. At the same time,
because the layer is rich in hydroxyl groups, hydroxyl groups can give the antibacterial
polymer coating potential antifouling ability; that is, it is difficult for the killed bacteria
to adhere to the coating. Under light conditions, photodynamic groups and quaternary
ammonium groups have a noticeable synergistic antibacterial effect, and their antibacterial
activity is also improved accordingly. A schematic diagram of the mechanism is shown in
Figure 6.
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Figure 6. Schematic illustration of synthetic route of polycationic antibacterial agents with multiple
functional components and a proof-of-concept application as a wound dressing material [32].

At present, PDT is mainly used to treat infections [32] and tumors [33,34]. In ortho-
pedic surgery, PDT has been used in the treatment of osteosarcoma [35] and prosthetic
joint infections [36], and its effect on the treatment of soft tissue injury has been studied in
animal experiments [37]. However, there is little research on its use in orthopedic implants.
Therefore, this study provides a new idea for the research and development of antibacterial
materials coated on orthopedic implants.

2.1.3. Antibiotics

Antibiotics are the most important agents for clinical treatment of bacterial infection,
and their discovery was one of the greatest achievements in medicine in the 20th century.
Gentamicin, vancomycin, and rifampicin are three commonly used antibiotics in clinical
therapy today, especially for orthopedic surgery site, bone, and joint infections. They are
often used in coating materials of orthopedic implants to prevent and treat implant-related
infections due to their good thermal stability in terms of structure and performance.

Gentamicin

In 1970, gentamicin (a broad-spectrum antibiotic) was added to poly(methyl-methacrylate)
(PMM) to treat PJI. Subsequently, in the process of manufacturing implant materials, acrylic
cement loaded with antibiotics was widely used as a way to prevent surgical site infection.
Gentamicin-coated tibial nails were used to treat patients with fracture nonunion [38], showing
effective prevention of high-risk fracture infections without increasing the incidence of fracture
nonunion, which made it an effective treatment option for complex bone nonunion. In addition
to human experiments, in in vitro experiments, Bidossi et al. [39] prepared components contain-
ing calcium sulfate or hydroxyapatite with gentamicin to treat bone infection. The result showed
that this component exhibited good antibacterial properties. In a study by Maria et al. [40],
the results showed that calcium sulfate/HAp containing gentamicin could effectively inhibit
the adhesion of S. aureus, S. epidermidis, and Pseudomonas aeruginosa to implants, destroy their
biofilm on implants, and prevent peri-implant infection, and it could also promote the process
of bone regeneration. Many other studies reported the application of gentamicin on orthopedic
implant surfaces to prevent peri-implant infection [41,42].

Vancomycin

Another commonly used antibiotic loaded on other carriers is vancomycin [43]. A calcium
sulfate/HAp coating with vancomycin on the surface of a plate, intramedullary nail, or pros-
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thesis can effectively control peri-implant infection [44]. After chronic osteomyelitis caused by
methicillin-resistant S. aureus (MRSA) in goats, both PMM bone cement-loaded vancomycin and
hydrogel-loaded gentamicin/clarithromycin could effectively inhibit the formation of biofilm
and exerted a bactericidal effect [45]. Lian et al. [46] prepared nano-HAp/collagen/calcium
sulfate composite-loaded vancomycin, which had good biocompatibility in vitro and effectively
treated S. aureus-induced chronic osteomyelitis and stimulated bone regeneration in vivo. In
addition, they also developed a vancomycin-loaded nano-HAp/collagen/poly(lactic acid, PLA)
bone substitute (VCM/nHAC/PLA), which did not affect the antibacterial activity of van-
comycin, and vancomycin did not affect the biological properties of nHAC/PLA. Meanwhile,
they also confirmed that VCM/nHAC/PLA could significantly inhibit bacterial growth in vitro
and exhibited good bactericidal properties [47].

In a rat model, Tomas et al. [48] used S. epidermidis to contaminate orthopedic im-
plants and simulate orthopedic implant infection, and added a vancomycin-loaded colla-
gen/hydroxyapatite coating onto 3D-printed titanium (Ti) implants via electrospinning.
Finally, the collagen/hydroxyapatite coating loaded with vancomycin was found to signifi-
cantly kill S. epidermidis, prevent bone damage associated with S. epidermidis infection, and
promote bone regeneration and integration. Yu et al. [49] prepared a vancomycin-loaded
montmorillonite (MMT) and poly L-lysine(PLL) coating (MMT/PLL-VA)g via the layer-by-
layer self-assembly method, then they applied the composites in animal models of bone
infection. Vancomycin release was triggered when it came into contact with bacteria or
chymotrypsin (CMS), a kind of proteolytic enzyme that can rapidly decompose denatured
proteins. The concentration of CMS largely increases in an infected microenvironment,
which can be used to trigger antibiotic release from the matrices [50], while the release of
vancomycin in the multilayer structure depends on the concentration of CMS. They found
that the coating could kill more than 99.99% of S. aureus within 24 h. They also used MTT
assay to analyze the effects of (MMT/PLL-VA)g multilayer films on the proliferation of hu-
man osteoblasts. They found that with increased breeding time, the absorbance increased
accordingly and the multilayer films exhibited no obvious cytotoxicity. They concluded
that the multilayer film exhibited good sterilization effects and biocompatibility under the
stimulation of bacterial liquid in both in vitro and in vivo antibacterial ability tests.

Vancomycin can also be loaded onto CS to prepare surface coating for orthopedic
implants with good bactericidal effect, according to Zarghami et al. [51]. They prepared
CS/bioactive glass/vancomycin solutions that were drop-cast over biomedical grade Ti
foil with dimensions of 5 mm x 5 mm x 0.7 mm, then dried under enclosed conditions
for 24 h. Finally, melittin solution was drop-cast over the coatings and dried at ambient
temperature for 3 h. They assessed the cell proliferation, alkaline phosphatase (ALP)
activity, and DNA content by culturing preosteoblast MC3T3-E1 cell line and examined the
antimicrobial activity against MRSA and vancomycin-resistant S. aureus (VRSA) strains
isolated from burn wounds of two patients. They found that proliferation and ALP enzyme
levels of MC3T3 cells slightly decreased as a result of vancomycin application, while
the synergistic effects of melittin and vancomycin formed antiadhesive or bactericidal
surfaces that could kill both planktonic and adherent bacteria. They concluded that the
CS/bioactive glass/vancomycin/melittin coating could be used for bone implants because
of its anti-infective properties.

Rifampicin

One of the first-line antituberculosis drugs, rifampicin is mainly used in antituberculosis
treatment, although has been extensively investigated for use against nonmycobacterial mi-
croorganisms such as Staphylococcus for at least 50 years [52]. However, the effect of rifampicin
on nonmycobacterial infection is controversial [53]. In a study by Zimmerli et al. [54], rifampicin
was added to ciprofloxacin in a randomized controlled trial (RCT) to treat implant-related
infection; 18 patients were allocated to ciprofloxacin-rifampin and 15 patients to ciprofloxacin—

placebo. The patients first underwent an initial thorough debridement followed by suction
irrigation drainage or drainage alone. After two weeks of treatment with flucloxacillin, or in
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cases of methicillin resistance or penicillin allergy treatment with vancomycin to minimize the
risk of ciprofloxacin resistance, an oral form of rifampin with ciprofloxacin for the test group or
ciprofloxacin with placebo for the control group was administered to these patients. The results
suggest that rifampicin had a synergistic effect with ciprofloxacin in the treatment of patients
with Staphylococcus infections of orthopedic implants.

In a recent study carried out by Trombetta et al. [55] in a mouse model of single-stage
revisions of device-associated osteomyelitis, they fabricated 3D-printed antibiotic-laden
calcium phosphate scaffolds to treat infections in a single stage. The results showed good
antibacterial effects in comparison to gentamicin-laden PMM requiring two-stage revision.
A study by Shadiet al. [56] investigated 237 patients with PJI. Among them, 68 patients
(29%) were cured after receiving combination rifampicin therapy. Of the patients treated
with rifampicin, 30% tested positive for methicillin-susceptible S. aureus (MSSA) and
25% tested positive for MRSA. Among these patients, 63% underwent partial component
replacement and debridement and retained the prosthesis. A multicenter RCT conducted
by Karlsen et al. [57] studied 99 patients with P]I after hip and knee arthroplasty. If any
patients had methicillin resistance, in addition to standard antibacterial treatment with
cloxacillin or vancomycin, they were randomly assigned to receive rifampicin or not, and
the results showed no better results with the addition of rifampicin to standard therapy.
Whether rifampicin has antibacterial activity against nonmycobacterial infection needs to
be confirmed by more RCTs.

2.1.4. Metals

At present, the development of new antibiotics has reached a bottleneck. At the
same time, new antibiotics could aggravate the drug resistance of bacteria when applied
clinically. Some scientists have pointed out that humans may be entering a “post-antibiotic”
era. Bacterial infections that were once merely prevalent will become lethal diseases.
Thus, with the aggravation of multi-antibiotic resistance of pathogenic microorganisms,
there is an urgent need to develop novel and effective antibacterial agents [58]. As a
potential antimicrobial agent, metal-based nanoparticles are the most attractive; they
are toxic to bacteria and selectively interrupt the metabolic networks of microorganisms
even at low ion concentrations [59]. Sodium, magnesium, potassium, calcium, vanadium,
chromium, manganese, iron, cobalt, nickel, zinc, and other metals participate in cell
biochemical functions and are called essential metals. Other metals without any known
biological processes are called nonessential metals, and they are extremely toxic to most
microorganisms and have microbicidal activity even at low concentrations (Figure 7), such
as silver (Ag), gold (Au), and mercury [60]. Ag, Au, copper oxide (CuO), and zinc oxide
(ZnO) nanoparticles are widely used as antibacterial agents; among them, AgNP is the
most popular agent because of its well-known antibacterial activity [61,62].
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Figure 7. Schematic diagram of the sterilization mechanism of antibacterial surface materials repre-
sented by silver ions [63].

Ag and AgNPs

Ag has a vibrant history as an antibacterial agent. At present, Ag is also widely used
in treating infectious wounds in clinical settings because it is relatively cheap and easy
to obtain [64]. For example, Ag sulfamethazine, developed as a water-soluble cream in
the 1960s, is still the standard local treatment for burn wounds, although allergic reactions
and systemic toxicity limit its clinical use. Ag exhibits very high killing activity against
most microorganisms and parasites; even low doses at around 0.5 mg/mL concentration
can completely inhibit the growth of bacteria with little systemic toxicity to the human
body [65].

Due to the lack of mechanical strength, Ag is not currently employed as a bulk material
for the production of orthopedic implants. However, Ag is often employed in the surface
modification of certain implants called megaendoprostheses used in the treatment of bone
tumors or in revision surgery for septic devices [66]. The ions released from Ag-coated
prostheses demonstrate a strong and broad-spectrum antibacterial effect, which is necessary
for the prevention of infections associated with implantable devices.

AgNPs are nanoclusters composed of 20-15,000 silver atoms; the size in at least one
dimension is usually less than 100 nm [67]. They can be synthesized by several approaches,
divided into chemical, physical, and biological methods. The most prominent role of
AgNPs and free Ag+ is direct binding to the cell membrane. Free Ag+ will accumulate
in the negatively charged part of the bacterial cell membrane, resulting in cell membrane
perforation, intracellular compound leakage, and finally bacterial death. AgNPs provide a
continuous stream of Ag+ locally through oxidative dissolution. Therefore, the antibacterial
effect of AgNPs may actually be due to Ag+. At the same time, AgNPs only act as a reservoir
and release Ag+ due to their oxidative dissolution [68]. The physicochemical properties
such as the size, surface charge, and shape of AgNPs have been proven to affect their
bactericidal property. Le Ouay et al. [69] proposed that the size of AgNPs is inverse to
their antibacterial activity, which may be related to the higher surface area and reactivity of
smaller AgNPs.

In addition, there are silver binding targets in bacterial cells, such as proteins, nucleic
acids, and enzymes, that can bind to AgNPs and damage the cells [70]. The mechanism is
shown in Figure 8.
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Figure 8. Antibacterial mechanism of AgNPs [71]. (A) Enlarged picture shows that AgNPs can anchor to the bacterial cell

wall and consequently infiltrate it. This action can lead to membrane damage and cellular content leakage. AgNPs or Ag+

can bind to proteins present in the cell membrane involved in transmembrane ATP generation. (B) AgNPs can penetrate

microbial cells, then join with released Ag+ to interact with cellular structures and biomolecules such as proteins, enzymes,
lipids, and DNA. Increased ROS leads to an apoptosis-like response, lipid peroxidation, and DNA damage. (C) AgNPs can
sustainably release Ag+ in and out of bacteria and Ag+ can provide interactions with proteins and enzymes.

There is an urgent need to develop a more efficient antibacterial system that can remove
the most bacteria with the lowest possible Ag+ concentration and maintain activity for the
longest time. Currently, this technique requires the gradual release of Ag+ and maintains a
low but sufficient concentration, which can be achieved using four methods. The first and
most straightforward approach is to increase the amount of silver. However, given the cost
and the potential health and environmental issues caused by excessive silver ingestion, the
preferable method is to focus on performance improvements. Second, the antibacterial activity
of AgNPs can be improved by enhancing their solubility, which would involve controlling their
size, shape, and coating and avoiding surface passivation, formation of insoluble precipitates, or
aggregation of nanoflakes. Third, we can improve the affinity of nanoflakes or soluble Ag+ to
bacteria to locally increase their concentration by controlling the surface chemistry of AgNPs to
match the characteristics of different kinds of bacteria [67]. Lastly, fabricating nanocomposites
by hybridizing Ag+ with other materials is a practical way to improve their stability and control
the release, solution, and biological behavior [69]. Paladini et al. [72] photoreduced a silver
solution in situ. They deposited AgNPs on cellulose (linen fabric) using large equipment to
produce wound dressings with good antibacterial activity against Gram-positive and Gram-
negative bacteria, without any effects on the vitality or proliferation of human tissue cells. Shao
et al. [73] prepared pH-sensitive bacterial cellulose~AgNP composites, which showed excellent
bactericidal activity against several bacteria associated with clinical infection (Escherichia coli,
S. aureus, Bacillus subtilis, and Candida albicans) and potential for antibacterial wound coatings.
Yadollahi et al. [74] combined CS and AgNPs to form a polymer film and made nanomaterials
with higher conductivity and antibacterial activity.



Coatings 2021, 11, 1401

12 of 31

There are various surface modification techniques for coating AgNP onto implant
surfaces, which affect the antibacterial properties and bone formation [71], such as plasma
immersion ion implantation (PIII), magnetron sputtering, in situ synthesis, plasma elec-
trolytic oxidation, and three-dimensional printing of silver-containing scaffolds.

Gold Nanoparticles

Differing from Ag, Au is an inert material that lacks antibacterial properties unless manu-
factured into nanostructures with rough surfaces [75]. Many scientists believe that pure gold
nanoparticles (AuNPs) have no antibacterial effect or the antibacterial effect is not obvious.
Zhang et al. [76] reported that nanoparticles usually have no bactericidal effect or only a weak
effect at high concentrations and pointed out that the antibacterial properties of AuNPs may
be because of the coexisting chemicals (Au+, surface coating agents, and chemicals involved
in synthesis) not being completely removed. Penn et al. [77] and Brown et al. [78] pointed out
that pure AulNPs can be used as a good antibiotic drug delivery system, although do not have
antibacterial effects if not combined with an antibiotic, such as ampicillin.

Moreover, the antimicrobial activity of AuNPs is quite different from that of other
nanoparticles because it is not induced by ROS generation [79]. AuNPs are also the focus
of current research and can be synthesized by more than 1000 methods, such as chemical
synthesis, physical synthesis, and biosynthesis [80]. AuNPs have good stability and
excellent biocompatibility, and their antibacterial properties can be enhanced by modifying
the structure and size or by adding components [81,82]. In addition, AuNPs have a
photothermal effect and can be a good medium for photothermal treatment to kill bacteria
by modifying them. Many materials can gain antibacterial properties after binding with
functionally modified AuNPs. AuNPs can also bind with cations, low-temperature plasma,
various surface ligands, and other potential antibacterial agents. Lopez-Lorente et al.
synthesized AuNPs using different methods and confirmed that there were no significant
differences in antibacterial activity [83]. There have been different reports on whether pure
AuNPs have antibacterial activity.

Compared with AgNPs, a higher concentration of AuNPs is required to achieve the
antimicrobial potential, although the application of AuNPs in orthopedics should not be
neglected. Conjugating AuNPs with implantable materials might be an encouraging strat-
egy to counteract infection while promoting safer use, as reported by Yang and colleagues,
who described the AuNP-modified surfaces of TiO, nanotubes as promising candidates for
orthopedic applications.

Copper and Copper Nanoparticles

Among the essential trace elements in humans that show promise as antibacterial
agents [84], copper (Cu) is involved in skeletal development by promoting angiogene-
sis [85] and many other physiological mechanisms; it also possesses certain antimicrobial
properties [86]. CuO has been proposed because of its bactericidal effects against different
microorganisms [87]. However, compared with AgNPs, CuO nanoparticles (CuONPs)
have weaker antibacterial properties, requiring higher concentrations to inhibit microor-
ganisms [88]. By synthesizing Ag/Cu nanoparticles (Ag-CuNPs) and detecting their
antibacterial and antifungal activities, Marta et al. [89] concluded that Ag-CulNPs exhibited
synergistic effects against Escherichia coli, S. aureus, and Candida albicans. Fan et al. [90]
reported that Ag-CulNPs have a synergistic effect and can significantly enhance the antibac-
terial properties of alloy nanoparticles. Zhang et al. [91] doped Cu ions into a TiO, coating
on the surface of Ti implants by micro-arc oxidation (MAO) and concluded that TiO,-Cu
nanoparticles (TiO,.CuNPs) have good antibacterial ability.

Selenium Nanoparticles

Selenium (Se) is an essential chemical element with antibacterial, antioxidant, and
anticancer properties [92] that ensures normal cell metabolic function [93]. Many stud-
ies have reported that selenium is effective against most Gram-positive bacteria (e.g.,
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S. aureus and MRSA [94]), Gram-negative bacteria (e.g., Pseudomonas aeruginosa, Proteus
mirabilis [95], Acinetobacter baumannii [96]), yeasts (e.g., Candida albicans [97]), and fungi
(e.g., Trichophyton rubrum [98]). Dorazilova et al. [99] prepared porous collagen material
modified by CS—se nanoparticles (CS-SeNPs) with biological stability and confirmed its
good antibacterial ability. Phong et al. [100] applied Se nanoparticles (SeNPs, 30-70 nm) as
a coating through surface-induced nucleation deposition on Ti orthopedic implants and
investigated the antimicrobial activity against drug-resistant bacteria, including MRSA and
methicillin-resistant S. epidermidis (MRSE) in vitro and in an infected femur model in rats.
The nanoparticles were shown to have antimicrobial activity at concentrations as low as
0.5 ppm in vitro. The SeNPs coating strongly inhibited biofilm formation on the surfaces of
the implants and reduced the number of bacteria in the surrounding tissue.

Zinc Nanoparticles

Zinc (Zn) is a trace element involved in various cellular metabolism processes, and
a large amount of the body’s zinc (about 30%) is stored in the bones; thus, a pathological
reduction in zinc levels will damage bone growth [101]. ZnO nanoparticles (ZnONPs)
are common agents with selective toxicity to bacteria [102]. Because of their excellent
biocompatibility, biological activity, chemical stability, and low toxicity, they have attracted
more attention in biological research [103]. ZnONPs have good antibacterial properties,
although the mechanism is still unclear. Regarding the antibacterial properties [104], on the
one hand, in the interaction between ZnONPs and bacteria, ZnONPs continuously release
zinc ions (Zn?*); in addition, the cell walls of bacteria are negatively charged through
substances such as echinoic acid and lipid butyric acid [105], while ZnONPs are positively
charged. Furthermore, the electrostatic attraction between bacteria and ZnONPs leads to
Zn2* accumulation on the bacterial surface, which changes the zeta potential of the bacteria
and destroys the potassium channel on the cell membrane, leading to bacterial death by
increasing permeability through lipid peroxidation.

ZnONPs can be made into various biomaterials, and the most widely used appli-
cation in orthopedics is as antibacterial coatings on the surfaces of orthopedic implants.
Abdulkareem et al. [106] covered the surface of Ti implants with ZnONPs and hyaluronic
acid (HA) to make a HA /ZnONPs coating. The coating showed excellent antibacterial
properties so that the population of aerobes were reduced by 90%. Maimaiti et al. [107]
prepared nontoxic HA coatings with good antibacterial and osteogenic properties doped
with ZnONPs by pulse electrochemical deposition, in which the particles were evenly
distributed. Memarzadeh et al. described how ZnONPs, as a coating material, inhibited S.
aureus adhesion while promoting osteoblast growth and consecutive osseointegration of
the implant [108].

Ti and Ti-Oxide

Ti is an important metal element. Its hardness is close to human bone, and its bio-
compatibility, corrosion resistance, and fatigue resistance are better than stainless steel
and cobalt alloy. Ti and Ti alloys are commonly used for orthopedic implants, such as
artificial joints, plates, and screws. However, pure Ti has no antibacterial properties, so its
application in orthopedics is limited. The research on Ti peroxide can be traced back many
years. Tengvall et al. prepared a Ti-peroxy gel obtained from metallic Ti and hydrogen per-
oxide [109] and studied its bactericidal properties. They found that the gel had bactericidal
and anti-inflammatory effects [110-112].

TiO; is an oxide form of Ti that is commonly employed as coating material due to
its antibacterial properties [113], nontoxicity, stability, and low cost. A thin TiO, film can
be used to cover Ti or other alloys to preserve the features of the bulk material and to
protect the surface from damage by biological fluids, such as bacteria, through its crystal
structure [114]. The photocatalytic properties of TiO, are well known and have many
applications (the mechanism of TiO,—PDT is shown in Figure 5). A review by Foster et al.
summarized the mechanism of Ti dioxide PDT and its killing effect on various pathogenic
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microorganisms, such as Gram-positive and Gram-negative bacteria, fungi, algae, protozoa,
and viruses [115]. TiO; has been used in TiO,-coated external fixation pins to inhibit pin
site infection by S. aureus after external fixation in an animal model [116] and in vitro [117].
However, the activation process limits the use of TiO, as a coating material on orthopedic
implants, because when they are implanted into the body, the capacity of UV triggering
TiO, to activate metal oxide will decrease. Thus, surface modification of TiO; can solve this
problem, for example by adding other antibiotics and antimicrobial agents. In the study
by Hérault et al. [118], they synthesized nanocapsules of TiO, in amorphous or anatase
form containing silver as an antibacterial agent and tested the impact on bacterial growth.
They found that silver-containing TiO; nanocapsules showed strong antimicrobial activity
against both Escherichia coli and S. aureus, and even against a multidrug-resistant strain of
S. aureus.

2.2. Bacteriostatic Surface Coating Materials

The impacts of pathogenic bacteria adhering to the surface of orthopedic implants in-
volve many factors [119], including the chemical composition, surface charge, hydrophilic-
ity, surface roughness, and surface wettability, which refers to the ability of a liquid to
maintain contact with a solid surface, as determined by the interactions between molecules.
The process of wetting reflects the behavior of the fluid on the concrete surface. A recent
review by Scialla et al. [120] summarized passive antibiofilm treatments. One of these is a
passive antifouling strategy for device-associated infections (DAIs). Poly(ethylene glycol)
(PEG), a biocompatible hydrophilic polymer with a molecular weight of less than 20 KDa,
has long been considered the ideal polymer for antifouling applications, due in part to
the established and relatively easy methods of adding functional groups to PEG through
developed means of conjugation [121]. Poly(ethylene oxide) (PEO) comprises polymers
with greater molecular weight and has similar chemistry to PEG. The covalent attachment
of PEG to another molecule (PEGylation) adds hydrophilicity, stability, and antifouling and
bacteriostatic properties to the molecule in question. When bacteria invade the body, they
cannot effectively colonize the implant surface, achieving the purpose of bacteriostasis.

Polymer zwitterions, an emerging class of antifouling materials, sterically hinder protein
adsorption [122] and bacterial adhesion [123]. In 2009, zwitterionic copolymers were electrospun
using sulfobetaine methacrylate in a poly(n-butyl acrylate) matrix [124]. Recently, nanofiber mats
electrospun from mixtures of poly(vinylidene fluoride) and random zwitterionic copolymers of
PMM and sulfobetaine-2-vinylpyridine (SB2VP) demonstrated a five-fold reduction in bovine
serum albumin adsorption versus homopolymer poly(vinylidene fluoride) nanofibers [125].
Additionally, by electrospinning, Ozcan et al. produced the zwitterionic amphiphilic copolymer
poly(trifluoroethyl methacrylate-random-sulfobetaine methacrylate) (PTFEMA-r-SBMA) in
very hydrophobic (~140°) nanofibers that resisted bovine serum albumin adsorption [126].
Venault et al. [127] designed a kind of amphoteric hydrogel using aromatic compound 4-
vinylpyridine (4VP). The 4VP reacts with propyl sulfonate to form a zwitterionic compound,
poly (4-vinylpyridine propylsulfobetaine) (4VPPS), which easily forms gels. Based on in-depth
analysis of the physical properties of 4VPPS gel, especially its hydration and thermal behavior,
various bacteria (Escherichia coli, Stenotrophomonas maltophilia), condensed blood cells, whole
blood, and human HT1080 fibroblasts were used to analyze the antifouling performance before
and after steam sterilization and compared with the commonly used antifouling material,
namely polysulfobetaine methacrylate (PSBMA).

The gel was also coated on medical instruments (stainless steel scalpel, silicon biochip,
Ti cautery), which were sterilized to evaluate the stability of the molecular design. It
was proven that unsterilized 4VPPS gel had excellent antifouling and blood compatibility
compared with PSBMA gel. However, PSBMA gel lost its antifouling performance after
sterilization, while the performance of 4VPPS was unaffected because the hydration layer
formed by the interaction between PSBMA and water was weakened. The gel is used
for coating stainless steel, Ti, and silicon materials, and has been shown to have good
antifouling performance under conditions of sterilization or no sterilization. In addition,
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the coating material can be sterilized repeatedly without losing antifouling performance,
and it has good antibacterial performance and blood compatibility.

Poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) is another commonly used
zwitterionic polymer antibacterial material. Kolewe et al. [128] co-deposited polydopamine
(PDA) and PMPC on nanocellulose, and compared with unmodified nanocellulose, they
obtained the same fiber diameter, hydrophilic contact angle, surface chemistry, and stability
as the original nanocellulose, although the surface smoothness was better.

2.3. Antimicrobial Peptides with Bactericidal and Bacteriostatic Properties

Antimicrobial peptides (AMPs) are a group of rich and diverse molecules produced by
a variety of organisms, composed of 12-100 amino acids [129]. They are positively charged,
with a net charge of +2 to +9, and are amphiphilic. So far, more than 1000 AMPs have been
isolated or predicted and divided into subgroups according to their structure and amino
acid composition.

In the AMP family, some have a bactericidal effect and some have a bacteriostatic
effect. AMPs with bactericidal activity can kill Gram-positive bacteria, Gram-negative
bacteria, and fungi in biofilm [130]. Recent studies have also shown that AMPs can be used
in combination with antibiotics, antifungal agents, or other antimicrobial compounds to
enhance antibacterial activity [131], which could lower antibiotic concentrations and help
reduce cost, the spread of antibiotic-resistant bacteria, toxicity, and side effects. In addition,
the synergistic effect of AMPs can enhance the activity of antibiotics against multidrug-
resistant strains. The bactericidal effects of AMPs include direct killing of bacteria through
cell membrane destruction and inhibition of cell proliferation, such as damage to bacterial
DNA replication, transcription, and protein biosynthesis, and immune regulation and
response, leading to bacterial clearance by stimulating noninflammatory hosts. AMPs can
kill both metabolically active bacteria and slow-growing or even persistent bacteria [132].

In a recent study, cationic membrane-penetrating peptides containing different amounts
of arginine (Arg) and tryptophan (Trp) repeats were proven to be effective in killing floating
cells of Escherichia coli HM22 [133]. Some AMPs containing Trp/Arg can also kill bacteria
with a high percentage of static or low activity in biofilm. Catheterin is a relatively popular
class of antimicrobial peptides, among which human catheterin LL-37 is in the spotlight.
Studies have shown that LL-37 has antibiofilm activity against S. aureus and Escherichia coli
isolated from the urinary tract, and can inhibit biofilm formation even at a concentration 16
times lower than its minimum inhibitory concentration (MIC) against planktonic bacteria,
so as to kill bacteria [134].

A host defense peptide derived from bovine bactenecin with antibacterial effect, 1018
peptide [135], has attracted more attention. It is a known biofilm formation inhibitor that
can induce biofilm dispersion in various species, including Pseudomonas aeruginosa, at
concentrations much lower than its MIC. In vivo experiments proved that 1018 peptide
has protective immunomodulatory effects, including reducing inflammation, recruiting
immune cells, enhancing wound healing, and reducing bacterial transmission [136]. On
the one hand, 1018 peptide can inhibit the surface movement of bacteria, which is an
essential bacterial adaptive feature related to antibiotic resistance, virulence, and trans-
mission. On the other hand, 1018 peptide has an immunomodulatory effect of inhibiting
lipopolysaccharide-induced, macrophage-mediated inflammatory response [137]. The
most common way to prevent orthopedic peri-implant infections is to use antibacterial
materials as implant surface coatings. AMPs can be fixed on the implant surface through
physical adsorption or layer-by-layer assembly to form polymer films [138], or through
covalent bond chemistry (such as self-assembled monolayer (SAM) functional polymer
resin) [139], which not only expands the application range of antibacterial peptides, but
also reduces their toxicity to a certain extent [140].

Although AMPs have antibacterial activity, there are many challenges in clinical appli-
cation. First, because the bioavailability of natural AMPs is very low and the quantitative
separation of natural AMPs is difficult and expensive, obtaining antibacterial peptides
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with high antibacterial activity is very important. Moreover, the half-life of different AMPs
in the blood is very short, and improving the stability of AMPs in order to ensure their
antibacterial activity is a problem that researchers need to solve. In addition, the pernicious
effect of a large amount of AMPs is not specific to bacteria but rather occurs in all eukaryotic
cells, leading to severe tissue destruction or hemolysis of host organisms after systemic
administration [141]. Finally, although antimicrobial peptide coating has been used on the
surfaces of orthopedic implants [142], whether it retains its antibacterial activity with the
use of AMPs as the coating material deserves attention. The surface concentration, spacer
length and flexibility, peptide orientation, structure, and sequence, and the surrounding en-
vironment (such as pH value and ionic strength) may all affect the activity of antimicrobial
peptides in coating materials.

3. Coating Materials with Anti-Inflammatory Activity

Aseptic inflammation is also an essential aspect of orthopedic implants, especially
artificial joints that need to be permanently retained in the human body. On the one hand,
metal prostheses are immersed in body fluids for a long time, while proteins, organic acids,
alkali metals, and inorganic salts contained in body fluids can cause corrosion of metals,
resulting in the release of metal ions. On the other hand, metal prostheses continue to
undergo various forms of external force after implantation, which can destroy the inert
oxide layer on the surface and produce metal particles and metal ions. These particles
and ions will mediate particle-related inflammation around the implant and even the
whole body, resulting in a series of problems, such as aseptic loosening of the prosthesis. In
addition, the tissue-engineered bone will produce different types of chemicals in the process
of degradation after implantation, mainly acidic substances, leading to inflammation
around the implant.

Many studies [143] have found that inflammatory mediators such as interleukin series
and TNF series induce osteolysis by promoting the differentiation and maturation of osteo-
clast precursor cells into osteoclasts. This process depends on the receptor activator of nu-
clear factor (RANK)-receptor activator of nuclear factor ligand (RANKL)-osteoprotegerin
(OPG) pathway of osteoclasts. Osteoprotegerin ligand (OPGL) combines with RANK on
the membrane of osteoclast precursor cells, resulting in differentiation and maturation of
osteoclasts, while OPG binds to it as a pseudo receptor, thereby inhibiting differentiation
and maturation of osteoclasts, resulting in a dynamic balance between osteogenesis and
osteoclasts. However, if these inflammatory mediators are released in large quantities, the
dynamic balance will be broken. Among these inflammatory mediators, interleukin-1f3
(IL-1) and TNF-o can directly promote the generation of OPGL, stimulate more osteoclasts
to mature, and produce osteolysis. IL-6 can promote the maturation of osteoclasts and act
on monocyte macrophages to stimulate the production of more IL-6, resulting in osteolysis.
Macrophages can synthesize and secrete IL-6 after being activated, which can play a crucial
role in forming early osteoclasts, and can cooperate with or strengthen the role of other fac-
tors and inflammatory mediators [144]. In patients with localized osteolysis, the activity of
IL-1B, IL-6, and TNF-« is the most apparent [145]. Adding materials to the surface coating
of implants to inhibit monocyte macrophages and fibroblasts from reducing the release of
inflammatory mediators is the key to solving implant-related aseptic inflammation.

3.1. Anti-Inflammatory Materials Regulate Macrophage Polarization

Macrophages play a leading role in human immune response [146] and are involved in
autoimmune and inflammatory diseases [147], asthma and allergies [148], cancer [149], and
resistance to infection [150]. After orthopedic implants are implanted in the body, many
biochemical signals will be triggered, in which macrophages are essential in the process of
inflammation and healing. In the first stage, inflammation occurs as a natural response to
the presence of exogenous substances, such as proinflammatory cytokines, TNF-«, IL-1,
and others, alerting the immune system at the local and systemic level and integrating
monocytes (and other cell types) when recruited near the implant. Circulating monocytes



Coatings 2021, 11, 1401

17 of 31

differentiate into macrophages in response to this group of pro-inflammatory chemical
signals. Generally speaking, macrophages stay at the tissue implant interface throughout
the life cycle of the implant and become key mediators of inflammation, immunity, and
foreign body response. Macrophages have been divided into subgroups M1 and M2. M1
macrophages, also known as classically activated macrophages, are triggered by interferon-
v (IFN-y), lipopolysaccharide (LPS), and TNF-«, which play a pro-inflammatory role in
the early stages of the tissue repair process. M2 macrophages, also known as alternatively
activated macrophages, mainly play an anti-inflammatory role. Regulating the polarization
balance between M1 and M2 macrophages is the key to changing the anti-inflammatory
properties of the implant surface.

TNF-« is produced by M1 macrophages and is known as the inducer of the M1
phenotype [151]. It locally releases anti-TNF-& compound, which has a significant effect
on M1-M2 polarization. Many therapeutic agents can be used to block TNF-«, including
monoclonal antibodies (mAbs, such as infliximab, adalimumab, and golimumab), antibody
fragments (certolizumab pegol), or fusion recombinant proteins (etanercept) [152]. Qin
et al. [153] constructed lentivirus-mediated short hairpin RNA and targeted TNF-« gene
expression in vitro and in mice, which successfully inhibited particle-induced inflammation
and osteolysis.

Restoring the balance between cytokines at specific inflammatory sites is another
important strategy to inhibit inflammation [154]. The bioactive interleukin 10 (IL-10)
produced from Escherichia coli can be used to reduce inflammation [155]. Interleukin 4 (IL-4)
can promote the transformation of macrophages to the M2 phenotype. Yang et al. [156]
encapsulated IL-4 onto the surfaces of Ti metal implants, and then encapsulated a genipin
cross-linked gelatine hydrogel onto the implant surface to control the release of IL-4 to
increase the macrophage phenotype from M1 to M2. Wang et al. [157], using PDA and IL-4,
showed that they were successfully coated on the surface of sandblasted and acid-etched
(SLA)-Ti by scanning electron microscopy and energy-dispersive spectrometry. Enzyme-
linked immunosorbent assay (ELISA) results showed that IL-4 maintained its biological
activity on the SLA-Ti surface and at the same time had no significant effect on the adhesion,
morphology, or proliferation of macrophages, while immunofluorescence showed that it
increased the proportion of M2/M1 in human macrophages, which meant it promoted the
transformation from M1 to M2 phenotype. In addition, reverse-transcription polymerase
chain reaction (RT-PCR) and ELISA results showed that compared with an SLA-Ti surface
loaded with PDA coating and a simple SLA-Ti surface, the SLA-Ti surface with PDA /IL-4
coating showed a significant reduction in inflammation. Zhao et al. [158] added IL-4 to
a calcium strontium zinc phosphate (CSZP) coating on Ti implants, which induced the
phenotypic transformation of macrophages from M1 to M2, while the levels of IL-13 and
IL-6 were significantly reduced to exert anti-inflammatory effects. Li et al. [159] studied
the release of IL-4 from a graphene oxide (GO) coating on Ti implants, and concluded
that GO/IL-4 showed good biocompatibility in vitro and promoted the transformation of
macrophage polarization from M1 to M2 phenotype, while the levels of IL-43 and TNF-«
decreased significantly.

In addition to anti-TNF-o« compounds and IL-4, other anti-inflammatory substances
can also induce the transformation of macrophage M1 phenotype to M2 phenotype. Lute-
olin is a natural flavonoid compound that comes from vegetables, fruits, and herbs and
has intense anti-inflammatory activity. By adding luteolin solution to macrophage culture
medium, Wang et al. [160] determined that luteolin can promote the transformation from
M1 to M2 phenotype and decrease the expression levels of IL-6, IL-13, and TNF-« to reduce
the inflammatory response of activated macrophages [161].

Curcumin (Cur), a natural polyphenol product, was first found in the rhizome of the
medicinal turmeric plant in 1910. Many studies have shown that Cur has potential antioxi-
dant, anti-inflammatory, antibacterial, and antitumor effects [162,163] and can regulate the
expression of various enzymes, kinases, cytokines, growth factors, and transcription factors.
Peng et al. [164] prepared Cur nanoparticles (CurNPs) to intervene in a femoral S. aureus



Coatings 2021, 11, 1401

18 of 31

osteomyelitis mouse model. They concluded that CurNPs could reduce the expansion of
myelogenous inhibitory cells induced by S. aureus biofilm, regulate the transformation of
macrophages from M1 to M2 phenotype, and inhibit the production of pro-inflammatory
cytokines and ROS. Chen et al. [165] prepared magnesium chloride and a Cur hydrogel,
which was shown to exert anti-inflammatory effects by reducing the expression levels of
IL-1 and TNF-«.

Resveratrol (RES) is usually present in grape skin and has been identified as another
effective anti-inflammatory small molecule [166] that has been proven to reduce inflamma-
tion by inhibiting the synthesis of TNF-«, IL-1, and nitric oxide (NO) [167]. Li et al. [168]
prepared nano-hydroxyapatite-resveratrol-CS composite microspheres (n-HA /RES/CSs)
and found that RES can significantly reduce the expression levels of inducible nitric oxide
synthase (INOS), ROS, TNF-«, and IL-1f3 and promote the differentiation of bone marrow
stem cells (BMSCs) into osteoblasts to benefit bone fracture healing through in vitro release
and in vivo experimentation.

Many other exogenous substances can also regulate the phenotypic differentiation
of macrophages to exert an anti-inflammatory effect, among which the regulatory impact
of metal materials is very significant. Hotchkiss et al. [169] proved that a smooth Ti
surface could induce M1 phenotypic activation, while a hydrophilic coarse Ti surface
could induce M2 phenotypic activation, increase the levels of IL-4 and IL-10, and exert
an anti-inflammatory effect. Zn was mixed into a TiO, nanocoating and then coated on
the surfaces of Ti implants for sustained release, which induced the transformation of
macrophages to the M2 phenotype locally in the implant to control inflammation [170].
Qiao et al. [171] prepared a magnesium-doped TiO, nanoparticle coating on the surfaces
of Ti implants through anodic oxidation and hydrothermal treatment. It was verified
in vitro and in vivo that the magnesium nanocoating induced macrophages to differentiate
into M2 phenotype; significantly reduced the expression levels of IL-6, IL-1(3, and TNF-
«; and augmented the expression of IL-10 and IL-1ra. After coating magnesium alloy
on electrospun poly(caprolactone) (PCL) fibers loaded with coumarin (CM) or ZnONPs,
it was also concluded that PCL-CM-ZnO nanomaterials could significantly reduce the
expression of ROS, IL-1, and TNF-« [172]. Wei et al. [173,174] confirmed that magnesium
alloy nanomaterials could induce macrophages to differentiate into the M2 phenotype and
inhibit the expression of IL-1 and TNF-« from carrying out their anti-inflammatory role.

The antibacterial effect of antimicrobial peptides is described above, and their anti-
inflammatory treatment has also been reported. Zhou et al. [175,176] fixed the GL13k
antimicrobial peptide to the surfaces of Ti implants by silylation to improve the anti-
inflammatory properties. They confirmed that the GL13k antimicrobial peptide could
significantly reduce the levels of proinflammatory cytokines, including IL-1, TNF-¢, and
INOS, and could induce the transformation of M2 phenotypic macrophages and upregulate
the expression of IL-10 and transforming growth factor 33 (TGF-33). Li et al. [177] coated
nanostructured cerium dioxide (CeO;) on the surface of Ti implants and confirmed that
the nano-CeO; could inhibit the production of IL-1, TNF-«, ROS, and NO by macrophages
in vivo and in vitro.

Tannic acid (TA) is an organic substance obtained from gallnuts and found in many
natural sources such as green tea, grapes, and wine [178]. It can functionalize the surfaces
of various organic and inorganic substrates in aqueous state due to its rich pyrogallol and
catechol groups [179,180]. TA has long been used for biomedical applications [181,182]
because of its antioxidant, antiallergy, antidiabetic, anticancer, and anti-inflammatory
properties. Ninan et al. [183] prepared new Zn?* cross-linked carboxylated agarose—tannin
hydrogel scaffolds to control TA release. The release of TA from the hydrogel at neutral
and alkaline values was negligible, although sustained release at acidic values showed
strong anti-inflammatory properties, which inhibited the ability of macrophages to produce
NO. Song et al. [184] prepared a TA—-alendronate nanomaterial and proved that it could
significantly reduce the levels of messenger ribonucleic acid (mRNA) of proinflammatory
mediators stimulated by lipopolysaccharide [185], such as cyclooxygenase 2 (COX-2), IL-6,
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matrix metalloproteinase 3 (MMP-3), and TNF-«. Sung et al. [186] mixed TA and calcium
carbonate (CaOs3) to make TA-CaO3 nanoparticles (TA-CaO3NPs) and showed that with
the help of the slow release characteristics of CaO3, TA can be continuously released, which
can effectively remove free radicals and significantly inhibit the mRNA expression of
proinflammatory cytokines and mediators.

3.2. Other Anti-Inflammatory Materials

Nonsteroidal anti-inflammatory drugs (NSAIDs), which are widely used to treat
all kinds of aseptic inflammation, such as rheumatoid arthritis, osteoarthritis, and so
on, can inhibit COX and prevent arachidonic acid from producing prostaglandins [187].
Indomethacin (1-(p-chlorobenzoyl) 25-methoxy-2-methylindole-3-acetic acid) is a kind
of NSAID that belongs to the indole acetic acid derivatives and has effective antipyretic,
analgesic, and anti-inflammatory activities.

Sanchez-Bodon et al. [188] utilized the copper-catalyzed azide-alkyne (CuAA) method
to immobilize indomethacin and conduct biological coupling with poly(L-lactide) (PLLA),
proving that the complex had intense anti-inflammatory activity and could directly inhibit
the production of inflammatory factors in vitro. Rivera et al. [189] added dexamethasone
(DEX) and carboxyl-functionalized TiO,NPs to polymers through silane reagents with
amino or sulfhydryl groups and confirmed that TiO,—DEX particles could reduce the
production of NO and TNF-« induced by LPS and play an anti-inflammatory role in vitro.

In a review by Wang et al. [190] on the research progress of anti-inflammatory drug
delivery systems based on nanoparticles, they listed a series of nanomaterials that can
load anti-inflammatory drugs. Organic nanomaterials, such as polylactic acid-glycolic
acid copolymer (PLGA), can load a variety of medications and directly use them locally
or systemically to exert anti-inflammatory effects [191]. Liposomes and exosomes, which
are 30-100 nm natural nanovesicles secreted by various cell types (such as tumor cells,
mesenchymal stem cells, and immune cells), are other important organic nanomaterials.
Exosomes can carry a variety of drugs, such as Cur and DEX [192], which can have excellent
anti-inflammatory activity. Liposomes are closed bilayer phospholipid systems. Lipid
nanoparticles were the first clinical nano-drug delivery system developed for various
tumors. Like exosomes, liposomes can also encapsulate different drugs for direct use
to exert anti-inflammatory properties. For example, Tita et al. [193] encapsulated IL-10
with liposomes containing phosphatidylserine (PSL) as biomaterial carriers, which proved
to have significant anti-inflammatory effects. Polyether ether ketone (PEEK) modified
with DEX and minocycline-loaded liposomes (DEX/mino liposomes) showed enhanced
anti-inflammatory, antibacterial, and bone integration effects in vitro and in vivo [194].

Inorganic nanomaterials and anti-inflammatory drugs are also combined to form new
composite nanoparticles to exert anti-inflammatory activity. Among them, metal nano-
materials have the most advantages, such as ZnO, AuNPs, and quantum dots (QDs).
PEG/ZnONP targeted release drugs modified by folate have shown significant anti-
inflammatory and antitumor properties in drug delivery [195]. Kalangi et al. [196] com-
bined celecoxib with QD, and showed that the QD—celecoxib conjugates have powerful anti-
inflammatory effects. Kuma et al. [197] combined sodium 10-amino-2-methoxyundecanoate
with N-doped graphene quantum dots (N-CQDs) in vitro, which were shown to signifi-
cantly reduce the expression of COX-2, INOS, TNF-«, nuclear factor k3 (NF-kf3), IL-1¢x,
IL-1 8, IL-4, and IL-6.

In addition to the positive anti-inflammatory strategies mentioned above, passive
anti-inflammatory strategies are also available. Passive anti-inflammatory surface coatings
developed with hydrophilic polymer-coated biomaterials, such as PEG-based hydrogels,
retain surface water molecules, making them highly resistant to nonspecific protein and
biomolecule deposition, known as “biological fouling”, as well as subsequent adhesion
of leukocytes to the surfaces of biological materials [198]. This thin-layer polymer coating
provides a more critical way to reduce the acute inflammatory response.
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4. Conclusions and Future Horizons

This review summarizes the potential mechanisms, characteristics, and applications
of modern biomaterials used in orthopedic implants, such as natural organic agents, metals
and alloys, polymers, and their composites. As mentioned in our review, many studies
have reported on antibacterial coating materials for clinical applications or animal testing,
and it should be noted that there is still a huge challenge with these materials. For example,
the bioactive properties of AgNPs can raise toxicity and environmental safety concerns,
which means silver can damage not only bacterial cells, but also human cells and biofilms,
causing biocompatibility problems, namely cyto- and genotoxicity and allergy or argyria.
As another example, AuNPs do not produce obvious intracellular ROS, which confirms
that pure AuNPs do not have their own bactericidal action; however, ultra-small AuNPs
(<2 nm) can produce ROS that are approximately three times than typical AuNPs [199]. At
this size, AuNPs will be toxic to the human body, meaning there is still no consensus on
the mechanism of their antibacterial action.

Another point of concern is that not enough studies report the synergistic effect and
toxicity of two or more metal nanoparticle materials. Furthermore, as mentioned in the
Introduction of this review, the main difficulty in treating peri-implant infection is the
presence of biofilms on the surfaces of implants, which are formed by bacteria and present
a great obstacle to antibiotics. The mechanism of bacteriostatic materials is to prevent
bacteria from colonizing on the surface and forming biofilm. In this case, antibacterial
agents can effectively contact the bacteria around the implant, so as to kill the bacteria.
However, at present, this kind of passive antibacterial material is neglected; there are
few studies on bacteriostatic materials used in clinical work or animal models, and these
few studies have mainly been performed on polymers. Similar to metal materials, the
biocompatibility and toxicity of bacteriostatic and other biomedical materials require
more attention. Finally, with an in-depth understanding of the mechanisms of implant
failure, especially for prostheses that need to be permanently retained in the human body;,
it is known that aseptic loosening caused by excessive inflammation is the main cause
of noninfectious failure. Fortunately, this area of research is receiving more attention.
Many scientists have begun research studies in this area and have achieved some results.
However, the results are far from solving the clinical problems.

The question remains as to how to resolve these problems. In our opinion, more
in-depth research should be carried out on the following aspects: (i) High-tech methods
should be used to prepare coatings and nanoparticles based on commonly used noble met-
als to provide the required surface characteristics for biomaterials; for example, synthetic
materials have good bactericidal effects and biocompatibility. One such method is gas-
phase chemical deposition, which provides precise control of the process at the nanoscale.
(ii) More high-efficiency compound bactericides should be explored. One, two, or even
more metals that have been used clinically through chemical engineering can be combined
to make implant surface coating materials in order to reduce the toxicity of single metals
and improve the antibacterial properties of composites. At present, bimetallic nanoparticles
have received significantly less attention for biomedical applications than monometallic
nanoparticles. High-efficiency compound antibacterial materials (e.g., antibiotics combined
with other materials) should also be explored. On the one hand, among the substances
released by such composites, one agent can first degrade the biofilm and the other can
exert bactericidal activity to prevent or treat peri-implant infections; on the other hand,
antibiotics combined with other antimicrobial agents can reduce the incidence of antibiotic
resistance, especially multi-drug resistance. (iii) More attention should be paid to exploring
passive antibacterial coating materials, and even combining bacteriostatic and bactericidal
materials, through different methods of chemical engineering to prevent bacteria from
colonizing on implant surfaces and effectively kill the bacteria. (iiii) Despite being one
of the most vital reasons for implant failure, inflammation has not been investigated by
many scientists. Composite materials can be synthesized containing both antibacterial and
anti-inflammatory materials to prevent or treat infection and control aseptic inflammation.
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With the development of chemical engineering technology, it is hoped that many novel
antibacterial and anti-inflammatory materials can be synthesized via different chemical
methods and coated on implant surfaces to form new coating materials that exert an-
tibacterial and anti-inflammatory effects. This review could be useful for researchers who
are interested in the current level of evaluation, selection, and modification of modern
biomaterials for medical implant applications.
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Abbreviations

AgNPs silver nanoparticles

Ag silver

Ag-CuNPs  Ag/Cu nanoparticles

ALP alkaline phosphatase

AMR antimicrobial resistance
AMPs antimicrobial peptides

ARG arginine

Au gold

AuNPs gold nanoparticles

BMSC bone marrow stem cells

CaOj3 calcium carbonate

CMS chymotrypsin

CeO, cerium dioxide

CM Coumarin

COX-2 cyclooxygenase 2

CS Chitosan

CS-SeNPs ~ CS-se nanoparticles

CSZp calcium-strontium-zinc-phosphate coating
CuAA copper-catalyzed azide alkyne
Cu copper

CuO copper oxide

CuONPs CuO nanoparticles

Cur Curcumin

CurNPs curcumin nanoparticles

DAIs device-associated infections
DNA deoxyribonucleic acid

DEX dexamethasone

ELISA enzyme-linked immunosorbent assay
EPS extracellular polymeric substance
EY eosin Y

GO graphene oxide
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H+

HA
HAp
IFN-y
IL-1B
IL-4
IL-6
IL-10
INOS
LPS
MAO
mAbs
MIC
MMP-3
MMT
mRNA
MRSA
MRSE
MSSA
N-CQDs
NF-k8
n-HA/RES/CS
NO
NSAIDs
OH-
OH

02-
OPG
OPGL
ORIF
PCL
PDA
PDT
PEEKP
PEG
PEO
PGE
PIII

PJI

PLA
PLGA
PLL
PLLA
PMM
PMPC
PSBMA
PSL
PTFEMA-r-SBMA
QACs
QD
RCT
RES
ROS
RT-PCR
SAM

positive hole

hyaluronic acid

hydroxyapatite

interferon-y

interleukin-1f

interleukin 4

interleukin-6

interleukin 10

inducible nitric oxide synthase
lipopolysaccharide

micro arc oxidation

monoclonal antibodies

minimum inhibitory concentrations
matrix metalloproteinase 3
montmorillonite

messenger ribonucleic acid
Methicillin-resistant S.aureus
methicillin-resistant S. epidermidis
methicillin-susceptible S. aureus
N-doped graphene quantum dots
nuclear factor k3
nano-hydroxyapatite/resveratrol /CS composite microspheres
nitric oxide

nonsteroidal anti-inflammatory and analgesic drugs
hydroxide ions

hydroxyl radical

superoxide ions

osteoprotegerin

osteoprotegerin ligand

open reduction and internal fixation
poly (caprolactone)

polydopamine

photodynamic therapy

polyether ether ketone
poly(ethylene glycol)

poly(ethylene oxide)

prostaglandin E

plasma immersion ion implantation
periprosthetic Joint Infection

poly (lactic acid)
poly-dl-lactic-co-glycolic

poly L-lysine

poly (L-lactide)

poly(methyl methacrylate)
poly(2-methacryloyloxyethyl phosphorylcholine)
polysulfobetaine methacrylate
phosphatidylserine

poly(trifluoroethyl methacrylate-random-sulfobetaine methacrylate)

quaternary ammonium compounds

quantum dot

randomized controlled trial

resveratrol

reactive oxygen species

reverse-transcription polymerase chain reaction
self-assembled monolayer
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S. aureus Staphylococcus aureus

SB2VP sulfobetaine-2-vinylpyridine
Se selenium

SeNPs Se nanoparticles

S. epidermidis
SLA

Staphylococcus epidermidis
sandblasted and acid-etched

TA tannic acid

TA-CaO3NPs TA-CaOj3; nanomaterials

TGF-p3 transforming growth factor33
THA total hip arthroplasty

Ti titanium

TiO, titanium dioxide

TiO2-CulNPs TiO2-Cu nanoparticles

TJA total joint arthroplasty

TKA total knee arthroplasty

TNF-a tumor necrosis factor-o

TRP tryptophan

uv ultraviolet

VCM/nHAC/PLA  nano-HAp/collagen/poly(lactic acid)
VRSA Vancomycin resistant S.aureus

ZnO zinc oxide

Zn zinc

ZnONPs zinc oxide nanoparticles

Zn?t zinc ions

4vVP 4-vinylpyridine

4VPPS 4-vinylpyridine propylsulfobetaine
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