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Abstract: The prevention of surgical site infections is directly related to the minimization of surgical
invasiveness, and is in line with the concept of minimally invasive spine therapy (MIST). In recent
years, the incidence of postoperative infections has been increasing due to the increased use of spinal
implant surgery in patients at high risk of infection, including the elderly and easily infected hosts,
the limitations of poor bone marrow transfer of antibiotics, and the potential for contamination of
surgical gloves and instruments. Thus, the development of antimicrobial implants in orthopedic
and spinal surgery is becoming more and more popular, and implants with proven antimicrobial,
safety, and osteoconductive properties (i.e., silver, iodine, antibiotics) in vitro, in vivo, and in clinical
trials have become available for clinical use. We have developed silver-containing hydroxyapatite
(Ag-HA)-coated implants to prevent post-operative infection, and increase bone fusion capacity, and
have successfully commercialized antibacterial implants for hip prostheses and spinal interbody
cages. This narrative review overviews the present status of available surface coating technologies
and materials; describes how the antimicrobial, safety, and biocompatibility (osteoconductivity) of
Ag-HA-coated implants have been demonstrated for commercialization; and reviews the clinical use
of antimicrobial implants in orthopedic and spinal surgery, including Ag-HA-coated implants that
we have developed.

Keywords: antimicrobial coated implants; safety; biocompatibility; osteoconductivity; silver; Ag-HA
coating; iodine; antibiotics

1. Introduction

Spinal implant infection is among the most common complications after spine surgery,
with an overall reported incidence of 2-13% [1], despite major advances in prophylactic
measures and aseptic surgery techniques. Infected cases are frequently difficult to treat,
which causes a significant burden on the patient and surgeon, and a significant impact
on the healthcare economy. Therefore, the prevention of surgical site infections is directly
related to the minimization of the surgical invasiveness, and is in line with the concept of
minimally invasive spine therapy (MIST).

As the population ages, more patients are at high risk for surgery for reasons such as
osteoporosis, complications, and a weakened immune system [2]. In order to successfully
prevent SSIs, it is essential to minimize the overall risk and bacterial load in high-risk
patients intraoperatively [3]. Therefore, advanced technologies have led to the development
of new materials and surface coatings that can prevent bacterial adhesion, kill bacteria,
and destroy biofilms, which results in a reduction of the bacterial load both in terms of
virulence and dosage. The “ideal” coating technology must meet the basic requirements for
widespread clinical use, including antimicrobial resistance, safety, and osteoconductivity. In
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particular, antimicrobial materials (i.e., silver, iodine, and antibiotics) present problems of
local and systemic biotoxicity, allergy, and resistance. As a matter of fact, silver, iodine, and
antibiotics have all been reported to be potentially toxic to osteoblasts at high concentrations
in vitro [4,5]. One solution to this problem is to adjust the concentration of the antimicrobial
material, which means to adjust the concentration to make it less biotoxic and more
antimicrobial. Another is to combine with materials that enhance osteoconductivity. In
addition, cost, logistics, ease of use, intellectual property rights, and regulatory approvals
remain barriers to productization and commercialization. Therefore, although antimicrobial
implants for orthopedic use have been extensively studied, few have been applied clinically,
and even fewer have been commercialized [4-8]. As far as the biotechnological issues of
commercialization of antimicrobial implants are concerned, it is essential to understand
the current state of the art of surface coating techniques and materials, and to prove their
antimicrobial, safety, and biocompatibility (osteoconductivity).

We have produced a silver-containing hydroxyapatite (Ag-HA) coating by thermal
spraying (Kyocera, Kyoto, Japan), which interfaces osteoconductive hydroxyapatite (HA)
with antibacterial Ag [9,10]. Since Ag-HA coatings have been established to have good
biocompatibility and low toxicity in vitro and in vivo, the technology has been applied
to Ag-HA-coated implants for cementless prostheses with good clinical results without
adverse events (Figure 1a) [11]. Then, an Ag-HA-coated lumbar interbody fusion cage
(Ag-HA cage) was developed to prevent post-operative spinal implant infection, and
increase fusion capacity, and the world’s first spinal antibacterial implant was successfully
commercialized in 2020 (Resitage™, Kyocera) (Figure 1b).

(a) (b)

Figure 1. Silver-containing hydroxyapatite (Ag-HA) coating hip system (cup and stem) (a) and
lumbar interbody cage (b).

In this paper, we apply a narrative review approach, and introduce various antimicro-
bial materials, technologies, and implants, and describe the Ag-HA-coated implants we
have developed. In this narrative review, Section 2 overviews the present status of useful
surface coating technologies and materials. Section 3 describes how the antimicrobial,
safety, and biocompatibility (osteoconductivity) of Ag-HA-coated implants were demon-
strated and commercialized, followed by a review of antimicrobial implants in clinical use
in orthopedic and spinal surgery, including Ag-HA-coated implants.

2. Review of Antimicrobial Coatings Technologies and Materials

Implants used in orthopedic surgery must not be cytotoxic. Simultaneously, they
must have an affinity with bone and soft tissue, which are adjacent to achieve mechanical
stabilities. Regarding infection prevention for orthopedic implants, Gristina et al. cre-
ated the concept of “race for the surface”, a term used to describe host cells and bacteria
competing to adhere to the surface to govern the dominance [12]. Ideally, host cells will
successfully “defend” the surface, preventing bacterial invasion and infection together with
the host’s immune function [12]. Improving host immune function is not easy, and is highly
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individual-dependent. Therefore, a promising improvement in infection prevention is to
develop new infection-resistant coatings. These also required not to be competitive with
local cells or tissues. In addition to being biocompatible, they must be inexpensive and
function to achieve their purpose at the site where they are placed, such as stimulating new
bone formation; therefore, until now, there has been a lot of research focused specifically
on osseointegration to develop ideal biomaterials in the orthopedic field. Four opportuni-
ties are available to us to prevent bacterial infection: (1) inhibition of bacterial adhesion;
(2) inhibition of colony formation; (3) inhibition of biofilm formation; and (4) destruction of
bacteria and the inhibition of bacterial growth [4,5,10,11]. Therefore, the strategies mainly
inhibit adhesion, colonization, and biofilm formation. Coatings have been developed based
on these factors.

Conventionally, implants have been classified into mainly two types: “passive” im-
plants, which are coated to prevent bacterial adhesion; and “active” implants, which were
created based on the idea of actively destroying bacteria by releasing substances from
implants coated with antibiotics, and which show antibacterial activity [4-8]. In recent
years, however, technological advancement has led to the development of coatings that are
difficult to categorize, such as “contact killing,” which has a passive mechanism, but an
active antimicrobial coating that destroys bacteria upon contact [13]. Thus, though precise
classification has become very difficult, these two classifications are valid, and this paper
will mainly introduce antimicrobial materials according to these two classifications.

2.1. Passive Surface Modification

The surface layer of existing implants could be chemically or physically processed to
acquire antimicrobial properties. Examples include oxidation or mechanical modifications,
such as roughening/polishing/texturing. Physical /chemical surface modifications, with-
out the use of any pharmacologically active substance, can play a role in bacterial adhesion,
proliferation, and, partially, bactericidal action as “contact killing.” Surface topography
and roughness have a significant impact on the adhesion of bacteria to the material surface,
which, in turn, has a considerable effect on the formation of biofilms. Hydrophobicity,
electrostatic interactions, van der Waals forces, and steric hindrance have been reported to
contribute to bacterial adhesion. Several studies have attempted to mimic the nanotexture
of surfaces that exist in nature, such as cicada and dragonfly wings, lotus leaves, and
sharkskin. In recent years, it has become possible to devise and fabricate ideal topogra-
phies that promote bone formation and inhibit bone resorption, and materials that inhibit
bacterial adhesion and growth [13]. As a result, surface treatment nanotechnologies, such
as nanopatterning, can provide new opportunities to develop effective anti-adhesion and
antimicrobial treatments for orthopedic implants [14,15]. Thus, researchers are putting
great emphasis on the development of materials with nanostructured surfaces that inhibit
bacterial growth, biofilm formation, and, ultimately, bacterial infection, without side effects.
Concerning chemical surface modifications, excellent anti-adhesion properties have also
been reported. Further study is needed to determine the adverse side effects of these
technologies, such as problems with mechanical properties, toxicity, and interference with
osseointegration. Furthermore, only a few physical/chemical surface modifications appear
suitable for clinical use. These new technologies’ in vivo efficacy and long-term effects on
host cells and resistant bacteria are poorly understood. They need to be further investigated
before clinical application and market introduction.

2.1.1. Anti-Adhesion Polymers

If the density of the polymer is high enough, the polymer molecules are forced to
stretch, and the resulting layer is called a “molecular brush”. The brush is essentially
penetrable by solvents and low-molecular-weight ions; however, depending on its packing
density, it may prevent the deposition of larger components, such as protein molecules and
bacteria [16-18]. In addition to the antimicrobial effect of anti-adhesion by the spacer effect
of the brush, antimicrobial peptides and Quaternary Ammonium Compounds (QAC) are



Medicina 2022, 58,519

4 0f 21

added to the tip of the brush to perforate the cell membrane when bacteria adhere to it,
resulting in bactericidal action [19-21].

2.1.2. Albumin and Protein Coating

Albumin and proteins are believed to prevent bacteria from attaching to material
through the principle of “surface competition”, and inhibition with bacterial cell adhesion
factors. Albumin can also reduce bacterial adhesion by altering the hydrophobicity of
a substrate surface [22,23]. Heparin can represent a specific inhibitor of the adhesion of
S. epidermidis to biomaterials, which becomes coated with host fibronectin in vivo [24].

2.1.3. TiO,

When TiO, is irradiated with UV light, OH- is released around TiO, by a photocat-
alytic reaction, which has an antibacterial effect [25]. UV-induced antimicrobial activity
was confirmed, but to gain further versatility, the current research focuses on shifting the
photocatalytic activity of such coatings towards the visible light range (e.g., by adding
silver nanoparticles that can act through their surface plasmon resonance effects or molyb-
denum) [26,27].

2.2. Active Surface Modification

Materials with pharmacological bactericidal properties include antibiotics, antiseptics,
metal ions (silver, copper, and others), non-metal elements (e.g., iodine, selenium), or
organic substances (antibiotics, chitosan, other substances), and their combinations [5].
Moreover, various strategies, such as physical adsorption for coatings and chemical covalent
conjugation for surface modifications, were applied to immobilize antimicrobials elements
onto titanium surfaces. On the other hand, antimicrobial materials with pharmacological
bactericidal effects have local and systemic toxicity, allergy, and resistance. Silver, iodine,
and antibiotics have all been toxic to osteoblasts at high concentrations in vitro. These need
special attention because it is desirable to promote bone formation around the implant,
and maintain long-term osseointegration. Thus, achieving the optimal combination of
antimicrobial effect and safety (or toxicity) is often a trade-off.

However, with promising technology on the horizon, it seems that the answer for
reduced infection may lie in the synergy of many technologies. Next-generation coatings
should be multifunctional, and integrate multiple antibacterial effects [28].

2.3. Antimicrobial Materials

Antimicrobial materials can be broadly classified into two major categories: (1) metals
(e.g., silver, copper); and (2) non-metal elements (e.g., iodine, selenium) and organic
substances (e.g., anti-infective peptides, chitosan) and their combinations. Typical materials
are described in the text, and other materials with antimicrobial properties are briefly
summarized in Table 1. Many substances have been reported to have antimicrobial activity,
and their mechanisms (although many of them are not definite) have been reported.

There is a trade-off between toxicity to the human body and antimicrobial activity in
all cases, and most require further research for commercialization.

2.3.1. Metals

Ag and Cu are widely accepted metals. Ag, in particular, is the first material inten-
tionally used in surgery because of its bactericidal properties [22]. In addition to Ag and
Cu, Zn, Ni, Pb, Co, Mo, Zr, Cu have shown profound antimicrobial properties, reducing
colony-forming units (CFU) of E. coli and S. aureus. Aside from their toxicity, Pb, followed
by Co and Cu, have been reported to be the most effective materials against bacterial
adhesion and growth [29]. On the other hand, Heidenau et al. [30] performed growth
inhibition tests of several metal ions in the 1929 cell line using several metal ions, and
indicated that Ag and Zn ions were cytotoxic at low concentrations.
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° Ag

Silver has long been used in the medical field. It has a broad antibacterial spectrum [9-11].
Furthermore, there have been no reports of resistant bacteria. Common complications of
metal exposure, cytotoxicity, and human toxicity are feared at high concentrations; however,
at low concentrations, the toxicity to osteoblasts and the effects on bone formation have
been reported to be minimal [31]. Although the use of silver as a bulk material in medical
devices is gradually declining, the use of various forms as a topical agent is common [31,32].
Due to its oligodynamic antibacterial activity, it shows bactericidal/antiseptic activity at
very low concentrations, which results in a sustained and long-term effect [23]. These
factors certainly make it the most used metal in wound care, and dental and orthopedic
implant applications [33,34]. Furthermore, silver is contained in everyday items due to its
expected antibacterial properties; thus, people are familiar with its usage.

e Cu

Development has progressed rapidly, and in recent years, copper has been widely
used in the development of antimicrobial materials, with reviews published on copper-
containing ceramics [35], copper-containing polymer composites [36], and copper-containing
metal alloys [37]. It has been reported that copper has strong bactericidal properties, and
can completely eliminate MRSA and E. coli [38,39]. High concentrations of Cu can cause
growth inhibition, and are toxic to humans [17-20]. However, proper copper ions promote
osteoblast proliferation, differentiation, and migration. Therefore, it is necessary to further
investigate the appropriate concentration.

2.3.2. Non-Metal Elements

Non-metallic elements, such as hydrogen, chlorine, iodine, and oxygen, are commonly
used in biomedicine because of their anti-infective properties. However, they have rarely
been used as an antibacterial coating technology for orthopedic implants because they
are generally soft and brittle [8]. Much research has been conducted, but it has not been
commercialized at this time. In addition, implants permanently coated with antibiotics or
other organic compounds that have never been used for local or systemic administration
have ultimately been prevented from clinical application to date due to concerns about the
development of resistant bacteria, toxicity, and the possibility of detrimental effects on the
implant-bone union.

e Jodine

Iodine, one of the halogen elements, is an antibacterial substance that has long been a
subject of research. It is widely used in the medical industry, from disinfecting surgical sites
to gargling. Iodine is also the heaviest essential element needed by living organisms, and is
a component of thyroid hormones. Titanium-iodine coating, which is produced electrically
with a povidone-iodine electrolyte, is reported to have antibacterial activity [40].
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Table 1. Antimicrobial materials.

Antimicrobial

Materials Mechanism Comments
(1) Destruction of cell walls and cytoplasmic
membrane: silver ions (Ag+) released by silver
nanoparticles adhere to or pass through the cell
wall and cytoplasmic membrane.
(2) Denaturation of ribosomes: silver ions
degenerate ribosomes and inhibit protein
synthesis. (3) Inhibition of adenosine
triphosphate (ATP) production: ATP production
is terminated because silver ions deactivate
respiratory enzymes on the cytoplasmic
membrane. @) Membrane destruction by A device for total hip arthroplasty
Metals A reactive oxygen species (ROS): ROS produced by coated with hydroxyapatite is now
& ; y yap
the broken electron transport chain can cause commercially available [11]
membrane disruption. (5) Inhibition of Y '
deoxyribonucleic acid (DNA) replication: silver
and reactive oxygen species bind to
deoxyribonucleic acid, and prevent replication
and cell multiplication. (6) Degeneration of
membrane: silver nanoparticles accumulate in
the cell wall pits, causing membrane
degeneration. (7) Perforation of membrane:
silver nanoparticles can migrate directly across
the cytoplasmic membrane, and can release
organelles from the cell [41].
Generation of ROS, lipid peroxidation, protein The U.S. En\.n.ronmental Protection
Cu oxidation, and DNA degradation [42] Agency certified copper as an
/ ’ antibacterial material in 2008 [6]
. . Non-cytotoxicity within a
7n ilienrr;zi:;sténclear. ROS generation and Zn concentration from 10-6 M to
‘ 102 M [43,44].
Four theories were proposed. (1) essential metals
of metalloproteins are replaced by nickel;
N (2) nickel interrupts c.atalyt.lc residues of Ni2*as a dopant for ZnO. Used as
i non-metalloenzymes; (3) nickel allosterically Cu-Ni, Cu-Ni-Zn [46-48]
inhibit enzymes by binding outside the catalytic ! ’
site of them; and (4) nickel indirectly produces
oxidative stress [45].
Neurotoxicity is a matter of concern.
Application to implants is difficult
Pb Unclear. dEE to the probleri of accumulation
in the human body [49,50].
Unclear. ComPeF itive 1nh1b1tor Of. iron during . Co has not been used as antibacterial
Co (Fe-S) synthesis in essential proteins for bacterial . .
. materials and coatings so far [6].
metabolism. [51].
MoO3 has harmful effects on humans.
However, it has been reported MoO3
M In situ production of H30p ions by reacting with  processed into nanoparticles has low
o, W . . .. -
moisture from the air. toxicity, the capability of
biodegradation, and rapid
excretion [52].
Unclear. ZrO2 nanoparticles are suggested as a
Zr The interaction of positively-charged zirconium  potential antibacterial agent for

ions and negatively-charged cell wall [53].

Gram-negative bacteria.
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Table 1. Cont.
Antlm_lcroblal Mechanism Comments
Materials
Because the composition of gallium
(IIT) is similar to that of iron (III),
Ga Inhibits bacterial metabolism. gallium competitively inhibits iron
(III), and suppresses iron (III)
function. [54].
(1) Ce ions destroy cell walls and cell membranes
because metal ions with strong .reductlon can One of rare earth (RE). In practice, RE
extract electrons from the proteins of bacteria. .
. oxides and RE salts are commonly
(2) Ce ions can penetrate the cell and destroy the 1 : o .
Ce .. . . used with inorganic antimicrobial
synzyme activity by reacting with the mercapto .
. . agents, such as TiO,, ZnO, Ag, Cu,
radical (-S.H.) (3) Ce ions can damage the
; and Zn.
enzyme system and normal metabolism of
bacteria [55].
Changing the surface properties (wettability) to
Sn .
repel bacteria [56].
Strontium facilitates bone formation
by activating the calcium-sensing
Inhibiting bacterial cytoplasmic membrane receptor, meanwhile inhibiting bone
Sr permeability, cell wall synthesis, bacterial resorption by increasing
chromosome replication, and cell metabolism. osteoprotegerin, and preventing
receptor activator of nuclear factor
kappa B ligand expression [57,58].
(1) La ions change the property of the cell wall.
(2) La ions interrupt the normal physiological It has been reported that the
La metabolism by interacting with DNA, enzymes,  concentration of around 0.15 wt.% La

proteins, or other biological molecules, leading
to the loss of Ca ions [59].

is considered to be the best trade-off.

non-Metals

Bacterial cell
wall hydrolases

Degradation of cell wall, and impairment of cell
wall synthesis.

Limitations against Gram-negative
bacteria. Gram-positive pathogens
have acquired resistance to
lysozymes [60].

Antimicrobial proteins

(1) Formation of ion channels or pores across the
cytoplasmic membrane. (2) Inhibition of wall
synthesis. (3) Activities of the ribonuclease

A large family of peptides from
diverse natural sources, having

peptides; AMPs (RNase) or deoxyribonuclease (DNase). . . .
o . various structures and functionalities.
(4) Depolarization and perforation of the
cytoplasmic membrane [61].
Quaternary (1) Suppor't ing biocides reach a.n,d perforate the It is practical to use polymer brushes
. cytoplasmic membrane.(2) Positively-charged e
Ammonium QACs can detach phospholipids from the cell as anchors, as it is with
Compounds; QAC rembrane [62.6 4]1[f pholip AMPs [20,21,65,66].
It is relatively cost-effective.
Bacteriophages are host-specific, but
can infect several strains and species
of bacteria, regardless of whether
Bacteriophages Bacteriophages are viruses that infect bacteria. they are Gram-positive or

Gram-negative. Immobilizing phage
on sample surfaces such as gold,
glass, cellulose membrane, and
hydrogels was reported to exhibit
antimicrobial activity [61,67-69]
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Table 1. Cont.

Antimicrobial

Materials Mechanism Comments
Fullerene is a closed-cage
nanoparticle, where the conjugation
Fullerene is extended through m-electrons.

Carbon nanotubes;
CNTs

(1) oxidative stress production, (2) dysfunction of
protein, (3) membrane injury, and
(4) transcriptional arrest [70].

Diamond-like carbon

Graphene

Fullerenes generally produce a high
rate of ROS by illumination.

Easily embedded into polymers.
Synergistic effects were achieved by
creating a CNTs—chitosan composite
within the hydrogel, or by decorating
CNTs with
poly(amidoamine)dendrimer-
immobilized carbon quantum dots or
Ag?2S quantum dots, which increased
the antimicrobial activity in

solution [71,72].

Biofilm formation of Pseudomonas
aeruginosa biofilm formation was
significantly inhibited, but biofilms of
Gram-positive S. aureus were
ineffective [73].

Exhibits antibacterial activity in
graphene, graphene oxide, and
reduced graphene oxide.
Synthesized from chitin, which is
abundant in nature. Chitosan has a
wide range of applications in medical
fields, such as controlled drug
delivery, wound dressing, tissue
engineering, blood anticoagulant,
bone regeneration biomaterial, and
antimicrobial agent [70].

It binds to negatively-charged bacterial cell walls,
disrupting the cell and altering membrane
permeability, then binds to DNA, inhibiting
DNA replication and causing cell death.

Chitosan

Chitosan is a bioactive polymer with
many applications due to its
antimicrobial properties, non-toxicity,
ease of modification, and
biodegradability. [74,75].

Plant extracts Unclear.

Limited investigation has been
conducted on its effectiveness on
surfaces of healthcare units or on
medical devices including
tympanostomy tubes [76,77].

Unclear.

Selenium Possibly free radical generation [78].

Antibacterial properties were also
demonstrated by inhibiting the
establishment of bacterial biofilms by
P. aeruginosa and S. aureus. Selenium
is a trace element in animal and
human bodies [79,80].

Acylase Disruption of quorum sensing.

Acylase has been reported as a
quorum quenching enzyme in
Gram-negative bacteria [81].

Chlorhexidine

Chloroxylenol Membrane disruption

Extensive applications in dentistry,
such as gelatin for the treatment of
periodontal infection, and in
mouthwash [28,82,83].
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Table 1. Cont.
Antlm_lcroblal Mechanism Comments
Materials
Perforation of the cytoplasmic membrane. Iatn}tlf;{ac:(\),ﬁ:lsg?:z;?nzfss acainst
Octenidine Detachment of phospholipids from the &

cell membrane.

Gram-positive and Gram-negative
bacteria and fungi [84].

Cationic surfactants

(1) Membrane disruption after reaction with the
cytoplasmic membrane (lipid or protein).

(2) Leakage of intracellular
low-molecular-weight substance.

(3) Degradation of proteins and nucleic acids.
(4) Wall perforation induced by

autolytic enzymes.

Dioctadecyl dimethyl ammonium
bromide (DODAB),
hexadecyltrimethylammonium
bromide (CTAB), and poly
(diallyldimethyl) ammonium chloride
(PDDA) are included [85].

Nitric oxide

Disruption of cellular function and structure
through interactions with microbial proteins,
DNA, and metabolic enzymes.

NO reacts alone and with oxygen and
reactive oxygen intermediates (e.g.,
superoxide and hydrogen peroxide)
to form oxidative and nitrosative
species, such as peroxynitrite RSNO,
nitrogen dioxide, dinitrogen trioxide,
and dinitrogen tetroxide, which exert
nitrate-oxidative effects [86].

Perforate the cell wall, and disrupt protein and

Commercialization is problematic
because it is difficult to adjust the
dissolution speed, and ensure

lodine nucleic acid structure and synthesis [28,40]. product uniformity. Chemical burn
and irritant contact dermatitis cannot
be overlooked.
Destruction of cell walls and leakage of
. macromolecules by chlorination of substances in It has long been widely used for
Chlorine . .. . 1
bacterial cell walls to produce disinfecting drinking water.
chloro-compounds. [87].
Triclosan acts as a biocide, targeting
Triclosan Inhibition of fatty acid synthesis. multiple cytoplasms and membranes
at high concentrations [88-90].
Furanone compounds that inhibit
Furanones Inhibition of quorum sensing. bacterial quorum-sensing systems

have been isolated from marine
macro algae [91-93].

The concern with the use of metals is that in many cases, as the content increases,

toxicity to host cells is observed. Therefore, the balance between antimicrobial activity
and toxicity needs to be carefully monitored. Furthermore, some metals are clearly toxic,
including lead (neurotoxic) and nickel (carcinogenicity) [6,45,49,50]. Therefore, the careful
data accumulation of further data is required for commercialization.

3. Review of Ag-HA Coated Antimicrobial Implants for Orthopedic and Spinal Surgery
3.1. Antimicrobial Efficacy of Antimicrobial Coatings and Materials

Evidence of antimicrobial efficacy has been investigated in terms of a broad spectrum,
strong antimicrobial activity, prevention of cell adhesion, anti-biofilm effect, effective release
kinetics (“peak effect”, i.e., large release of silver ions initially), long-lasting efficacy, low
resistance, and synergy with antibiotics [6,94,95]. Several standard methods exist for testing
the antimicrobial efficacy of materials in different countries and organizations [6]. Exam-
ples include the United State of America/ASTM G21-15, United Kingdom /BS ISO 22196:
2016, Japan/JIS Z 2801-2000, China/SN/T 2399- 2010, and I1SO/1S020645:2004 (country
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or organization/standard number) [1]. There are standard methods for evaluating the
antimicrobial efficacy of materials in vitro, including plate counting, agar diffusion plate
testing, confocal laser scanning microscopy (CLSM) in combination with fluorescent stain-
ing, and scanning electron microscopy (SEM) [6]. Previous studies have evaluated the
antimicrobial efficacy of materials and coatings, such as Ag-HA coating, zinc-alloy, magne-
sium oxide coating, several metallic elements, iodine coating, and vancomycin coating, and
were evaluated using the plate-count method, and/or CLSM, and/or SEM [10,40,95-102].
Sreekumari et al. [29] described resistance to the bacterial adhesion of various metals, such
as Ni, Zn, Pb, Co, Mo, Zr, Cu, Sn, and Ti. With the exception of Sn and Ti, these metals
showed good antibacterial activity toward E. coli and Staphylococcus aureus, and reduced
the colony-forming units (CFU) from 10° to less than 10! within 24 h. We have demon-
strated the antimicrobial properties of Ag-HA coatings in the following ways. First, we
developed an Ag-HA coating method based on thermal spraying, and demonstrated silver
ions were released from the Ag-HA coating in fetal bovine serum in vitro [9]. Then, we
investigated the antibacterial and antibiofilm effects of Ag-HA coating in vitro [10,94,95].
Using the plate-count method, the Ag-HA coating was shown to have an antibacterial effect
against E. coli, Staphylococcus aureus, and methicillin-resistant Staphylococcus aureus (MRSA),
whereas fluorescence microscopy, three-dimensional CLSM, and SEM demonstrated the
antibiofilm effect against MRSA in vitro [10,94,95]. In addition, we demonstrated the
time-dependent antibacterial and antibiofilm activity of the combination of Ag-HA and
vancomycin with the plate-count method and three-dimensional CLSM in vitro [95].

In vivo studies of antibacterial materials have been highly disparate, and have not
employed any standard method [6,103]. However, the assessment of the antibacterial
effect of titanium-copper alloy in vivo was recently performed by common observation,
leukocyte count test, plate-count method, and pathology [6,103,104]. In addition, the rec-
ommendation of the design and the antibacterial effects of materials in vivo was recently
reported [103]. The study referred to model selection, study design, data interpretation,
and targets for efficacy [104]. Past studies have also reported the antibacterial effect of
Ag-HA or iodine coating in rabbit femur, using a pathological examination; vancomycin
coating in mouse femur, using the plate-count method and X-ray imaging; and gentam-
icin coating in rabbit tibia, using blood tests, the plate-count method, and pathological
examination [40,94,95,98,105-111]. Regarding other methods used to evaluate the antibac-
terial activity of materials in vivo, recent reports have used bioluminescent signals, which
may be ethical and useful because the time-dependent assessment of antibacterial activity
can be performed at regular intervals without euthanasia of animals [100,109,110]. We
have also validated the efficacy of Ag-HA coating in vivo using several models and meth-
ods [94,95,105-107]. First, we reported the release of silver ions from Ag-HA coating using
blood tests, and evaluated the antibacterial activity against MRSA using the plate-count
method in a subcutaneous rat model [105]. Second, we demonstrated the released silver
ions from the Ag-HA coating using blood tests, and the antibacterial activity toward MRSA
in the medullary cavity of rat tibiae with the plate-count method, X-ray imaging, and
pathological examination [106]. Third, using fluorescence microscopy, we found that the
Ag-HA coating inhibited biofilm formation against MRSA, and the synergistic antibacterial
effect of combining Ag-HA and vancomycin against MRSA using a plate-count method in
a subcutaneous rat model [94,95]. In addition, we reported the antibacterial effectiveness
of the Ag-HA coating at the medullary cavity of the rat femur against hematogenous
infection with MRSA during the postoperative period using the plate-count method and
blood tests [107].

3.2. Safety of Antimicrobial Coatings and Materials

Antimicrobial substances can be a double-edged sword, as they are antibacterial,
but also biotoxic. Antimicrobial properties (i.e., silver, iodine, and antibiotics) have been
reported to be potentially toxic to osteoblasts at high concentrations in vitro [1,4,5]. Sev-
eral standard methods are used to access the cytotoxicity of materials in each country or
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organization, including Japan/JIST0993-1 and ISO/ISO 10993-5:2009 (country or organiza-
tion/standard number).

Test on extract, direct contact tests, and indirect contact tests (including agar diffusion
or filter diffusion) have been mentioned as tests that are available for the evaluation of
in vitro cytotoxicity (ISO 10993-5:2009). In previous studies, the cytotoxicity of materials
and coatings, such as Ag-HA coating, iodine coating, gentamycin coating, and vancomycin
coating, were reported using the test on extracts, and/or direct contact tests, and/or
indirect contact tests [31,40,101,102,109,110,112-116]. We demonstrated the safety of Ag-
HA coatings in the following way: we proved that the Ag-HA coating on the surface of
orthopedic implants exhibited an antibacterial effect and inhibited bacterial adherence
without cytotoxicity with the use of V79 Chinese hamster lung cells, which were found on
Ag-HA coatings, as well as HA coatings in in vitro cytotoxicity studies [10].

First and foremost, in vivo cytotoxicity tests should be performed based on previous
in vitro data, including the bioactive agent with and without any carrier [103]. Stud-
ies for local effects after implantation, and studies for systemic toxicity, are mentioned
as typical studies for in vivo cytotoxicity (ISO 10993-6:2016, ISO 10993-11:2017). The
past studies have reported no hepatotoxicity or nephrotoxicity of silver coating based
on human blood tests and pathological examinations; no cytotoxicity or adverse effects
of iodine coating in a clinical trial using iodine-supported titanium no nephrotoxicity or
other side effects of gentamycin-coated implants; and no locally or systemically adverse
events directly related to the fast-resorbable antibacterial hydrogel coating (DAC®, No-
vagenit Srl, Mezzolombardo, TN, Italy), which contains gentamycin, vancomycin, and
meropenem [6,11,31,117-120].

We proved the safety and toxicity of the Ag-containing hydroxyapatite (Ag-HA) coat-
ing as shown below. First, we proved that the Ag-HA coating had in vivo antibacterial
activities in rat tibia. Furthermore, we reported that the average concentration of Ag in
serum reached a peak at approximately 48 h after implantation, at 3.3 &= 1.6 ppb, and then
gradually decreased [106]. Wan et al. [121] noted that the normal human diet contains
small amounts of silver, and since silver is consumed through an individual’s diet, blood
silver concentrations below 200 ppb should be considered normal. Silver blood levels ex-
ceeding 300 ppb have been reported to cause argyria, and liver and kidney problems [9-11].
Therefore, the mean concentration of Ag in our report was low enough. Second, we
demonstrated that in a model of rat tibia with Ag-HA-coated implants, the serum silver
concentration was sufficiently low to have no detrimental effects, and that there was no
degeneration in the brain, liver, kidney, or spleen [122]. The amount of silver required
for Ag-HA coating of femoral replacements in humans is low enough to avoid argyria.
Finally, we proved the safety of Ag-HA-coated implants in a prospectively interventional
study [11]. We performed THA on 20 patients with this implant, and found that blood Ag
levels peaked at 2 weeks after THA, and then gradually declined. The highest serum Ag
concentration noted in postoperative follow-up was 6.0 ng/mL, which was in the normal
range. Non-scientific reports emphasize the toxic effects of the release of silver ions from
silver-coated implants, but both animal and human studies have shown that the blood
silver levels never reached toxic levels [11]. There was no adverse reaction to Ag, and no
argyria was observed. Furthermore, we conducted diagnostic imaging, and performed
laboratory blood studies, including the measurement of leukocytes, hemoglobin, C-reactive
protein (CRP), g-glutamyltransferase (GGT), glutamic-oxaloacetic transaminase (GOT),
blood urea nitrogen (BUN), and creatinine, before and after surgery [11]. There was no
evidence of implant failure or prosthetic joint infection at one year after surgery. No patients
developed leukopenia, kidney damage, or liver damage [11].

3.3. The Biocompatibility of the Ag-HA

At the present time, orthopedic implants are mainly made of metals (cobalt chromium,
stainless steel, and titanium). However, these metals often have no biological activity
(e.g., osteoinduction). Therefore, coating materials that impart biological activity on the
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base metal have been developed [1]. Since orthopedic implants are inserted into the bone,
they must have osteoinductivity, osteoconductivity, and osteointegration, in addition to
being totally non-toxic [123,124]. In this section, we review the biocompatibility of Ag-HA
with bone.

Osteoinductivity and osteoconductivity have been evaluated by in vitro studies. Os-
teoinductivity refers to the adhesion of undifferentiated stem cells from surrounding tissues
or blood, and their differentiation into the osteogenic cell lineage, whereas osteoconduc-
tivity refers to the formation of bone on the surface of metals or coatings. These are
examined by the differentiation and proliferation of cells spread on the metal or coating.
Human and animal osteoblasts and osteoblast-like cells (MC3T3-E1, MG63, and SAOS-2)
have been utilized in many studies [125-127]. Differentiation markers (e.g., osteocalcin,
type-I-collagen, osteoprotegerin, glyceraldehyde-3-phosphate-dehydrogenase, and alkaline
phosphatase (ALP)) have been adopted to evaluate differentiation into the osteogenic cell
lineage [128,129]. We cultured MC3T3-E1, an osteoblast progenitor cell line, on Ag-HA-
coated disks, and evaluated their differentiation into osteoblasts by measuring ALP [130].
The osteoblast cell line MC3T3-E1 cultivated on a 3% Ag-HA-coated surface showed no
cytotoxicity, and production of alkaline phosphatase, an osteoblast marker, was observed.
These results were consistent with those observed with silver-free HA coating. On the other
hand, significantly higher cytotoxicity was demonstrated when the cells were cultivated on
the 50% Ag-HA-coated surface [130].

In vivo studies have evaluated osteoconductivity and osseointegration. Metal im-
plants (with or without coating) are inserted into the animal body, and bone formation at
the surface of the substrate is assessed histologically. Dogs, rabbits, and rats are the animals
that are most commonly employed [131-133]. If there is direct contact between the substrate
and the bone tissue, it is assessed as possessing osteoconductivity. To quantify osteocon-
ductivity, we measured and evaluated the affinity index, which is direct bone-to-substrate
contact length divided by the total implant length, and multiplied by 100 [134].

Osseointegration refers to the mechanically strong connection of bone tissue in contact
with a substrate. It requires mechanical evaluation, and is assessed by the shear stress of
implants placed in animal bone. A push out test is often used for implants placed vertically
in the femur of animals. In this case, the implant is fixed bi-cortically, which is suitable
for the evaluation of screws and pins, but insufficient for the evaluation of implants in
cancellous bone, such as those used in arthroplasty. We developed a model to evaluate
anchorage strength by inserting the implant into the bone marrow of the femur, and
pulling it out [130]. Since the implant was inserted into the bone marrow, it was possible
to evaluate the histopathological characteristics of the implant by dividing it into two
areas: the diaphyseal area (which is in contact with trabecular bone) and the metaphyseal
area (which is in contact with cortical bone). This model was introduced at the Second
International Consensus Meeting on Musculoskeletal Infections 2018 [135] as “Combining
biomechanical and histological examination, the model of Eto et al. is valuable during the
development phase of new anti-microbial implant surfaces to detect favourable solutions”.

3.4. Antimicrobial Implants for Clinical Use in Orthopaedic and Spinal Surgery

Research on antimicrobial orthopedic implants has been active, but few such implants
have been applied clinically, and even fewer have been commercialized [4,5,8]. The poten-
tial toxicity associated with antimicrobial overdose (e.g., Ag and iodine) has limited the
clinical application of antimicrobial implants. Table 2 shows a summary of antimicrobial
implants that are available for clinical use, or at least for which clinical results have been
reported, in the field of orthopedic and spinal surgery.
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Table 2. Antimicrobial implants for clinical use in orthopedic and spinal surgery.

- . . Trademark . . . Availability C
Antimicrobial Material (Company, Nationality) Author Regulatory Level Coating Technology Concentrations/Loading (Application) Indications
Silver
Hardes [31,136,137],
Glehr [6],
Hussmann [138],
Mutars® Wilding [139], Galvanic deposition of Upper and lower
(Implant u taré ) Piccioli [140], Market elementary silver on the 0.33-2.89 g extremities Tumor
mplanteast, Lermany Donati [141], gold layer (megaprosthesis)
Zajonz [142],
Schmolders [143],
Trovarelli [144]
® ® izati
Agluna®, METS Wafa [145], ] Anodlzatlon of the Upper and lower
(Stanmore Implants— M . ) titanium alloy, followed by . L.
. edellin [146], Market . . 6 mg (maximum) extremities Tumor
Accentus Medical Parry [147] absorption of silver from (megaprosthesis)
Ltd.,Oxford, UK) y an aqueous solution &P
PorAg®, Megasystem C ® ety . . . Upper and lower
(Waldemar Link, Scoccmn‘n [,148]’ Market Sllve_r pl‘asma HMMErSIon Not specified extremities Tumor
Sambri [149] ion implantation .
Hamburg, Germany) (megaprosthesis)
AG-PROTEX® Hip system Eto[L1], Syt v comtin Lower extremities
P SY: Hashimoto [121], Market pray . & 1.9 to 2.9-mg (hip system), . . Hip osteoarthritis
(Kyocera, Kyoto, Japan) Kawano [150] material to fabricate an (hip prosthesis)
i Ag-HA-coated implant
Ag-HA was thermal
Resitage® (Kyocera, . sprayed as a coating ~ Spine (lumbar Lumar
Kyoto, Japan) This report Market material to fabricate an 0.1 to 0.8-mg (per cage) interbody cage) degenerative disease
Ag-HA-coated implant
Not applicable e . nanoparticle o Spine (pedicle screw . .
(Turkey) Seginti [151] Clinical silver-coated implant Not specified and rod) Spinal disease
Todine
Tsuchuya [117],
Shirai [118], Upper and lower
Not applicable Demura [152], . Povidone-iodine 2 extremities/spine/ Various cases (tumor,
(Japan) Hayashi [153], Clinical electrolyte-based process 10-12 pg/cmy pelvis (prosthesis, nail, fracture, infection)
Kabata[[lS-'l]], screw, plate)
Miwa [155
Gentamicin poly(D,
L-lactide) matrix
Gentamicin poly . e
UTN PROtect Fuchs [119] Market (D, Llactide) with dip 10-50 mg Lower extremities Tibia fracture
- (per implant) (Tibia nail)
coating process
. . Gentamicin poly .
Expert Tibial Nail (ETN) . : . 10-50 mg Lower extremities .
PROtect Metsemakers [156] Market (D, Llactide) with dip (per implant) (Tibia nail) Tibia fracture

coating process
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First, most reports of orthopedic antimicrobial implants have been for surgical op-
erations using antimicrobial implants for extremity fractures [119,156] or antimicrobial
megaprosthesis for bone tumor reconstruction surgery in the extremities, which is associ-
ated with a relatively high infection rate [6,31,136-149], with spinal application described
in few cases [117,151-154]. Moreover, as for the type or site of the spinal antimicrobial
instrumentation, the pedicle screw is expected based on the frequency of use and the
intervertebral cage from the viewpoint of host-site immunity; however, most cases of
clinical use described the use of antimicrobial pedicle screws. Secondly, with regard to
antimicrobial materials for orthopedic antimicrobial implants, silver was reported most
frequently, followed by iodine and antibiotics (gentamicin being the most commonly used)
(Table 2).

Although not an antimicrobial implant, a fast-resorbable hydrogel coating that can be
filled with a variety of antibacterial agents in the intraoperative setting has been successfully
launched in the European market, and has been shown to prevent postoperative infection
in orthopedic implants [120,157,158].

With regard to spinal antimicrobial implants, the use of silver and iodine pedicle screws
and a rod system have been reported with good results. In addition, as already mentioned,
after demonstrating the antibacterial activity, antibiofilm activity, osteoconductivity, and
non-toxicity of the Ag-HA coating in vitro and in vivo, we first commercialized Ag-HA-
coated implants for cementless THA (Ag-HA-coated hip system) in 2015 (Figure 1a), and
Ag-HA cages (Resitage™) in 2021 (Figure 1b). A prospective multicenter clinical trial is
currently ongoing (UMIN 000039964).

A meta-analysis demonstrated that antimicrobial coatings (e.g., silver, antibiotics, and
iodine) are effective for reducing postoperative infection rates [159,160]. To our knowledge,
in all reports, the reported silver and iodine levels in blood are very far from the threshold
of toxicity, and no systemic complications have been reported in any study [11,117,159,160].
However, further large-scale clinical randomized controlled trials focusing on the antimi-
crobial properties and adverse events are considered necessary.

4. Conclusions

Antimicrobial measures are an essential part of MIST. In order to minimize the in-
traoperative bacterial load, orthopedic implants require not only osteoconductivity and
safety, but also antimicrobial properties. Recently, various strategies for the placement of
antimicrobial implants have been proposed, which suggests that the answer to reducing
infections lies in the synergy of many technologies, not just one technique or material.

Although antimicrobial implants for orthopedic use have been extensively studied,
few have been applied clinically, and even fewer have been commercialized. Throughout
the world, economic, logistical, intellectual property, and high regulatory burdens are
common barriers to the productization and commercialization of antimicrobial implants.

Most reports of antimicrobial implants in orthopedic surgery have been for fractures
of extremities or bone tumor reconstruction surgery, with few reports of spinal antimi-
crobial implant surgery cases. Research into the development of future antimicrobial
implants in the field of spinal surgery is warranted. In addition, a large-scale clinical trial
of spinal antimicrobial implants focusing on antimicrobial resistance and adverse events
will be required.
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