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Abstract: Postoperative implant infection is a severe complication in orthopedic surgery, often
leading to implant failure. Current treatment strategies mainly rely on systemic antibiotic therapies,
despite contributing to increasing bacterial resistance. In recent years, nanomaterials have gained
attention for their potential in anti-infection methods. They exhibit more substantial bactericidal
effects and lower drug resistance than conventional antimicrobial agents. Nanomaterials also possess
multiple bactericidal mechanisms, such as physico-mechanical interactions. Additionally, they can
serve as carriers for localized antimicrobial delivery. This review explores recent applications of
nanomaterials with different morphologies in post-orthopedic surgery infections and categorizes
their bactericidal mechanisms.

Keywords: nanomaterials; antimicrobial; orthopedic implants

1. Introduction

Orthopedic-implant-associated infections are severe complications following ortho-
pedic surgery caused by bacterial colonization and biofilm formation. These infections
can lead to chronic microbial infection, tissue necrosis, inflammation, systemic infections,
multiple organ failure, and death [1]. Biofilms are complex communities of bacterial cells
that form on the surfaces of inserted biomaterials or periprosthetic tissues. They create
physical and chemical barriers around the implants, making them resistant to antibiotics
and the local immune system [2–5]. Biofilm formation is influenced by the surface’s physical
properties and chemical composition, involving the migration and adhesion of bacteria to
the implant surface [6]. Moreover, the overuse and misuse of antibiotics have significantly
contributed to the rise in antibiotic resistance [7,8]. Bacterial infections have emerged as a
clinically significant contributor to health loss, now the second leading cause of mortality
worldwide [9]. In 2019, three infectious syndromes accounted for over one million deaths
each, collectively representing over 75 percent of fatalities caused by bacterial infections. It
is estimated that around 0.7 million deaths occur annually due to drug-resistant bacterial
infections [10]. According to the World Health Organization, infections caused by resistant
bacteria are projected to result in 10 million deaths worldwide annually [11]. The annual
cost of antibiotic-resistant infections in the United States is estimated to be between USD 55
and USD 70 billion. In Europe, the economic cost of multidrug-resistant (MDR) infections is
more than EUR 1.5 billion per year [12,13]. Advanced nanostructured materials have been
utilized to address this issue, and show promising applications in dental and orthopedic
implants due to their unique antimicrobial mechanisms.
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According to statistics, about 80% of medical infections come from the biofilm growth
of pathogens. Currently, most implant antibacterial research focuses on killing microor-
ganisms in the biofilm on the surface of the implant. Surface modification is a promising
strategy to inhibit biofilm formation on the surface of implants and kill surface microor-
ganisms. In clinical work, the surface of implants with micrometer topography features
increases the contact area between cells and the surface due to the size being similar to
that of prokaryotic cells, which is conducive to cell attachment. Compared with micron
surface, nanoscale surface showed excellent antibacterial properties. Recently, growing
research has focused on fabricating anti-biofouling structures and anti-adhesive surfaces
for implants through surface modifications of nanomaterials. Feng et al. [14] demonstrated
the effectiveness of anodic nanoporous surfaces in reducing bacterial attachment through
the electrostatic repulsion between bacteria and these surfaces. Nanomaterials, such as
gold, nickel, and nanoimprinted polymers, exhibit interparticle electrostatic and steric
repulsion, effectively preventing microbial colonization on surfaces by reducing bacterial
adhesion [15–18]. A new strategy for antibacterial surfaces and to reduce antibiotic usage
has been reported, which involves utilizing the surface coating to achieve ‘release killing’,
or ‘contact inhibition’, by loading antibiotics into a superhydrophilic coating.

Surface coating orthopedic implants with nanomaterials containing metal nanopar-
ticles (NPs) or nanopolymers holds great promise for revolutionizing the antibacterial
properties of metallic implants. A variety of mechanisms have been extensively studied,
and several of them are now well understood. Bactericidal mechanisms through surface
contact are usually divided into two categories: the stretching and rupture of bacterial cells
induced by nanopillars of various sizes and shapes, and the cleavage effect of bacterial
cell membranes caused by the sharp edges of nanocoatings. Previously, bacterial cells
adhered to nanostructured surfaces via the physical interaction between the surface and
bacteria. Furthermore, studies have shown that the release of metal ions, the generation
of reactive oxygen species (ROS), and nanostructure effects can effectively inhibit or kill
bacteria [19–21]. Furthermore, antibiotics can be encapsulated within hollow NPs or at-
tached to the side chains of polymeric NPs. Subsequently, these NPs can permeate the
cell wall and disrupt the fundamental functions of the bacteria [22,23]. Two-step local
antibiotic delivery, consisting of an initial burst release followed by a subsequent slow
release over a long duration, achieves an early, high, and local concentration of antibiotics.
This approach effectively minimizes the adverse effects commonly associated with the
systemic administration of high-dose antibiotics [24–26]. In the field of orthopedic implants,
the use of nanoscale materials in surface coatings has become increasingly prevalent due
to advancements in nanotechnology. Various bactericidal nanopatterns enable different
types of substrate surfaces, including metals and polymers, to possess microbicidal proper-
ties [27]. Nevertheless, the precise mechanisms underlying the impact of nanopatterns on
bacterial cell lysis remain unclear and warrant further investigation.

Recently, there has been rapid progress in the fungicidal applications of nanomaterials
for antimicrobial release and their direct bactericidal effects, providing new approaches to
enhance the antibacterial properties of current orthopedic implants. The objective of this
study was to review previous research on preventing bacterial adhesion and colonization on
nanomaterial surfaces, promoting the application of nanomaterials in the field of orthopedic
infections (Table 1).

2. Antimicrobial Agents Loaded in Nanocontainers

Sterilization can be achieved using either the ‘contact inhibition’ or ‘release killing’
model by incorporating antimicrobials into the surface coating of implants [28,29]. Encap-
sulated antibiotics within NPs can penetrate the bacterial cell wall, ultimately disrupting
critical bacterial functions [22]. Following implant placement during orthopedic surgery,
the initial phase is characterized by the undesired adhesion of proteins due to infection and
local inflammation. The acute inflammatory response, caused by the nonspecific adsorption
of proteins, typically results in the failure of internal implants [30]. Therefore, the successful
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development of superhydrophilic nonfouling coatings is deemed crucial in determining
the effectiveness of orthopedic implants in preventing infections [31]. Based on current
knowledge, catechol-modified coatings are effective as functional carriers for antibiotics
through hydrophobic and π-π interactions [32,33]. Superhydrophilic coatings consisting
of stacked NPs were fabricated by uniformly depositing polydopamine (PDA) NPs onto
the surface to create a micro/nano topology. Norfloxacin (NOR) and cephalexin (CEP)
were then embedded within the coating via π-π interactions and hydrophobic forces [34].
The antibacterial experiments demonstrated that the antibiotic-loaded superhydrophilic
coatings (PDA/NOR and PDA/CEP) exhibited effective long-term antibacterial properties.
The novel anti-infective coating, incorporating a synergistic model, displayed remarkable
inhibition of nonspecific protein adhesion by leveraging the superhydrophilic property.
This property synergistically enhanced the antimicrobial activity when combined with
antibiotics. Overall, the simultaneous integration of nonfouling surfaces and antibiotics
holds great potential and is an appealing direction to explore.

Outdated scaffolds have significant disadvantages, such as a lack of ability to effec-
tively inhibit bacterial infections at sites of bone fractures or defects. To address this issue,
Cai et al. [35] fabricated a novel injectable gel with a nanoporous and microporous structure
that facilitates molecule transfer and tissue infiltration based on the assembly of chitosan mi-
crospheres (Figure 1). Berberine (Bbr) was loaded into negatively charged O-carboxymethyl
chitosan microspheres (CMCSM) through swollen encapsulation and physical adsorption,
with minimal alteration to their electric charges. This loading method enables the con-
trolled release of drugs or proteins, effectively prolonging their biological effects. Berberine
chloride (Bbr), a water-soluble isoquinoline alkaloid, exhibits enhanced release and transfer
capabilities between microsphere assemblies due to its biological molecular properties and
the presence of nanopores. The results demonstrated that the Bbr/CMCSM microspheres
group exhibited significant antibacterial activity against Staphylococcus aureus (S. aureus).
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Porous scaffolds are typically developed for repairing bone defects and anti-infection
because of their excellent mechanical properties and biomimetic hierarchical structures.
Most antimicrobial agents are physically fixed to the implant surface to protect them from
contamination. However, this fixation method does not provide a long-lasting release of the
agents. Han et al. [36] assembled layer-by-layer (LbL) films with nanoporous structures on
Ti scaffolds by the sequential assembling of chitosan- (cationic-)coated BSA nanoparticles
(CBSA-NPs) and negatively charged oxide sodium alginate (anionic) (OSA) on the scaffolds.
Vancomycin (VAN) was pre-grafted onto the OSA chains through the reaction between
the amino group of VAN and the aldehyde group of OSA. In vitro antibacterial tests
demonstrated that the continuous release of VAN from LbL films, that were assembled on
Ti scaffolds, exhibited excellent antimicrobial properties. Similarly, Yu et al. [37] developed a
controlled and sustained release system loaded with vancomycin on poly(lactic-co-glycolic
acid) microspheres for topical antimicrobial therapy against S. aureus and MRSA.

The porous nature of titanium nanotubes (Ti-NT) has been extensively studied, and
they have been considered as nanoreservoirs for local drug delivery. However, it is difficult
to control the sudden release of high drug dosage and achieve sustained drug release from
nanotubes. He et al. [38] revealed the effective antibacterial potency of polydopamine
(PDA) and hyaluronic acid- (Hya-)modified Ti-NT by immobilizing pDA and Hya on the
VAN-loaded Ti-NT surface, employing an alternate deposition technique. In recent years,
the concept of a nano-in-micro composite has been proposed as a new type of nanocom-
posite. It serves as a sustained drug delivery platform that incorporates the drug-loading
capability of nanotubes with electrospinning technology [39,40]. Using the electrospinning
technique, a nano–micro composite fiber membrane with sustained drug delivery was
developed by embedding metronidazole- (MNA-)loaded clay nanotubes into electrospun
microfibers. [41]. Compared to traditional drug delivery systems, the nano–micro compos-
ite membranes exhibit a minor initial drug burst release and provide sustained release of
metronidazole for up to four weeks. This prolonged release effectively inhibits bacteria
from surviving the initial burst during the high-incidence period of infection and inflamma-
tion. The sustained release of metronidazole from the halloysite clay nanotubes is crucial in
reducing postoperative infections, particularly those caused by anaerobic bacteria. Hence,
this concept offers several advantages over traditional drug delivery systems, including
localized treatment and reduced toxicity. Golda-Cepa et al. devised a controlled drug
delivery system by leveraging the synergistic effect of nanotopography and surface group
modification of parylene C through oxygen plasma, which could effectively regulate the
release of local antibiotics from the implant surface [42].

Mesoporous silica nanoparticles (MSNs) have gained significant attention as a drug-
delivery carrier system due to their exceptional biocompatibility, ultrahigh specific surface
area, large pore diameters, ease of surface modification, and uniform pore structures [43,44].
However, while MSNs loaded with antimicrobials can offer sustained local drug release,
they often lack the ability to specifically target bone infection sites, resulting in suboptimal
therapeutic outcomes. Peptide D6, known for its effective bone-targeted drug delivery,
can functionalize the surface of MSNs covalently grafted with Peptide UBI29–41, which
is a commonly used bacteria-targeted agent [45–47]. Bone-and-bacteria dual-targeted
MSNs were developed to enable targeted delivery of vancomycin to the bone infection site,
improving the therapeutic efficacy for orthopedic-implant-related infection (Figure 2) [48].
In another study, levofloxacin- (Lev-)loaded MSNs combined with nano-hydroxyapatite
(n-HA) and polyurethane (PU) were utilized to construct a novel biodegradable composite
scaffold, which can enhance osteogenesis and significantly inhibit the growth of both E. coli
and S. aureus [49].
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Figure 2. Synthesis of mesoporous silica nanoparticles (MSNs) with dual properties of bone-targeting
and bacteria-targeting, and study of their antibacterial activity in vitro and in vivo. Reprinted with
permission from ELSEVIER. This is an open access article.

Electrospinning technology is an attractive alternative to loading various drugs into
nanofibers with controlled release capability [50]. MNA and nano-hydroxyapatite- (n-HA-
)loaded core-shell nanofibers have been fabricated using coaxial electrospinning. The MNA
is loaded in the nanofiber core to achieve sustained and slow release, thereby reducing
drug toxicity [51]. Compared to 80% MNA released on the first day for nanofibers without
core-shell structure, a PCL/nHA core-gelatin/MNA shell reduces the initial burst release
to approximately 55% due to its core-shell structure. There are distinct bacterial inhibition
zones surrounding the membrane of the bacterial nanofibers with a core-shell structure.
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3. Metal Nanoparticles

The excellent antibacterial properties of different metal/metal-oxide NPs have been
extensively reported in various fields, including nanomedicine, industries, and cosmet-
ics [52–54]. The nanosurface properties of materials can be manipulated to regulate biologi-
cal functions, such as antibacterial activity, cell adhesion, and proliferation. In recent years,
multiple studies have demonstrated the use of nanotechnology in constructing nanos-
tructured surfaces to manipulate and modify the antimicrobial properties of orthopedic
implants [55]. Metal-based antibacterial surfaces on implants have long been recognized for
killing bacteria by releasing metallic ions [56]. However, many studies have revealed that
metal/metal-oxide NPs exhibit higher antibacterial activity and lower cytotoxicity [57,58].

Although the precise antimicrobial mechanism requires further investigation and
discussion, several mechanisms proposed in the literature are as follows: disruption of
bacterial cell membranes, leading to cell death [59]; liberation of antimicrobial ions, induc-
ing oxidative stress and ROS formation [60–62]; inhibition of bacterial cell wall synthesis
and DNA replication through interaction with the functional group of proteins [63–65];
inhibition of cellular energy metabolism [66]; and increased permeability of the bacterial
cell membrane [67], which may also contribute to antimicrobial activity.

Silver, zinc, and copper NPs have significant potential as antibacterial agents, and
thus they are commonly applied as a surface modification of implants [68–70]. Silver
NPs have been widely utilized as antibacterial agents in orthopedic surgery for a long
time because of their broad-spectrum antibacterial activity against various bacteria and
fungi. A conceptual strategy called ‘prophylaxis/fighting–repair’ was proposed for mul-
tifunctional anti-infection and bone repair [71]. In this study, a mass of micro/nanoscale
pores drastically increased the total surface area of scaffolds and, thus, the capacity for
immobilizing silver nanoparticles (AgNPs). By combining highly porous hydrogels with
AgNPs, Antezana et al. developed a novel biomaterial with a long-term antibacterial effect
to achieve controlled and delayed release of NPs, improving the mechanical properties of
the hydrogel [72]. The antimicrobial effect of nanosilver from micro/nanoporous surfaces is
attributed to the sustained release of ionic silver ions and the generation of reactive oxygen
species (ROS). The tight binding between ionic silver and the bacterial membrane via Ag-S
bonds or electrostatic attraction induces the formation of nanopores on the membrane,
leading to membrane damage [73]. The antibacterial properties of AgNPs are influenced
by particle sizes. In general, smaller AgNPs exhibit better antibacterial activity [74]. Mean-
while, a more substantial antibacterial property results in a smaller required dose and
lower biotoxicity. Xue et al. combined 3D-printing technology and surface-nanocoating
modification to develop a novel implantation system capable of regulating the release of
AgNPs from the membrane [75]. AgNPs have the potential to adhere to the bacterial surface
and interfere with the permeability and respiratory function of bacterial cells. Furthermore,
AgNPs impact the bacterial membrane and can penetrate the bacterial interior [76]. AgNPs
smaller than 10 nm can attach to the surface of bacterial cell walls, and 5 ± 2 nm of these
particles can penetrate the bacterial interior [77]. AgNPs penetrate the membrane and
destroy protein, thereby deactivating crucial microbial enzymes and killing bacteria [78].
They can also generate ROS, specifically superoxide radicals, which subsequently influence
cellular activities, further destroying the cell structure and ultimately causing bacterial
death [79,80]. Moreover, additional mechanisms involving charge transfer between silver
and bacteria have been discovered. These interactions disrupt the extracellular electron
transfer process, which is essential for bacterial energy production, ultimately leading to
their demise [81]. These mechanisms create sustained antibacterial microenvironments
around orthopedic implants, preventing bacterial adhesion on the implant surface and
biofilm formation for extended periods. Moreover, these mechanisms effectively disrupt
existing biofilms.

Copper has also been proven to be involved in ROS generation, and the hydroxyl
radical generated from copper ions is highly toxic to bacteria [82]. Furthermore, the
bactericidal mechanism of copper may involve the substitution of iron in crucial enzymes or
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the blockade of zinc-binding sites on bacterial proteins [83]. Researchers fabricated hybrid
copper-/silver-based polydopamine nanoparticles (Cu/Ag-PDA-NPs) by chelating copper
to the shell of dopamine nanoparticles (PDA-NPs) and synthesizing sonochemically with
Ag-PDA-NPs. The released copper ions from these NPs demonstrated strong antibacterial
effects and effectively inhibited biofilm formation. [84]. Copper nanoparticles (CuNPs)
exhibit more potent antimicrobial activity than AgNPs against existing P. aeruginosa biofilms,
although silver ions have a stronger bactericidal ability than copper ions. However, both
metal NPs exhibit equal activity against S. mutans biofilms. Compared to silver ions,
copper ions exhibit enhanced penetration into the exopolymeric matrix. Other studies
have shown that copper ions can effectively impede the formation of bacterial biofilms
by inhibiting the expression of proteins that dominate biofilm formation, even without
killing the bacteria [85]. CuNPs have been shown to efficiently prevent bacterial biofilm
formation and eradicate existing biofilms that are typically resistant to traditional antibiotic
treatment [86,87].

Li et al. developed micro–nano materials from bioactive glass (BG) with the dual
biological properties of osteogenesis promotion and biocompatibility, incorporating zinc
nanoparticles (ZnNPs) for osteogenesis and control of infection and inflammation [88].
The incorporation of zinc (Zn) amplified the antibacterial ability of Zn-doped bioactive
glass (BG), thereby demonstrating superior antibacterial properties relative to the other
groups. In addition, zinc ions were shown to participate in homeostasis and angiogenesis
in this study. The antibacterial action of ZnNPs is influenced by various factors, including
their attachment to the cell membrane, accumulation within cells, and intracellular ROS
generation [89]. The results are consistent with previous studies, which indicated that
ZnNPs induce oxidative stress in bacterial cells and disrupt the cell membrane and DNA,
eventually resulting in bacterial death [90]. The production of ROS is mediated by the
interaction between zinc ions and the thiol group of bacterial respiratory enzymes [91,92].

Gold nanoparticles (AuNPs) showed potent antibacterial activity against E. coli and
other bacteria [93]. Moreover, AuNPs without any toxic effect on epithelial and fibroblast
cells are becoming increasingly favored [94,95]. A porous nano-gold/polyurethane scaffold
was developed, in which AuNPs and polyurethane were mixed. The polymer matrix and
porous samples were obtained by incorporating sodium chloride into the mixture [96].
A small quantity of AuNPs resulted in a remarkable 99.99% inhibition rate against both
S. epidermidis and Klebsiella spp. Most antibacterial nanomaterials cause bacterial death by
destructing and penetrating bacterial walls and membranes with metal ions, generating
ROS, forming condensed DNA, and inhibiting ATP synthesis [97,98]. However, AuNPs
involved in sterilization have been proven not to induce any ROS-related processes [97].
AuNPs primarily exert their antibacterial effect through two mechanisms: inhibiting the
activities of ATP synthase to slow down metabolism, and reducing the binding of ribosomal
subunits to tRNA, disrupting biological processes. The investigators also discovered a
noticeable increase in ions released from sea-urchin-shaped AuNPs when compared to
nanospheres or nanorods, thereby increasing the antimicrobial activity associated with a
larger exposed surface.

With the widespread application of metal/metal oxide nanostructured coating in
recent years, the cytotoxicity associated with metal ions has been increasingly recognized.
AgNPs have been extensively utilized in orthopedic implants for their powerful antibacte-
rial properties. However, recent research has demonstrated that, at high concentrations,
they had a cytotoxic effect on healthy cells such as hepatocytes [99]. Moreover, it is widely
recognized that elevated levels of CuNPs can induce cytotoxic effects [100]. The toxicity
of copper is strongly influenced by its speciation. Cupric ions have been identified as the
most toxic form of copper, in which Cu (II) (cupric ion) can be used as an antibacterial
agent and also cause tissue oxidative stress and cell apoptosis [101]. The toxicity of ZnNPs,
determined by diverse physicochemical characteristics of NPs and photocatalytic ROS
production, is affected by NP formulation, size, and surface structure [102]. There is already
evidence indicating that high concentrations of ZnNPs cause adverse effects on organism
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development, resulting in a changed expression of oxidation-related genes, including the
down-regulated expression of antioxidant protein (Bcl-2, Nqo1, and Gstp2) genes and
up-regulated transcript levels of uncoupling protein 2 (Ucp-2) [103]. The bactericidal
mechanism of the ROS independence of AuNPs can partially account for the low toxicity
of AuNPs towards mammalian cells. The toxicity of AuNPs generally depends on their
particle size, surface charge, and hydrophobicity [104]. AuNPs smaller than 15 nm can
pass through the skin and intestine [105]. Animal studies have shown that medium-sized
AuNPs (8–37 nm) induce lethality in mice, resulting in weight loss, decreased appetite, and
shortened half-life [106]. In addition, it has been observed that AuNPs with amphiphilic
chains can circulate in the blood for a longer time, owing to the attenuation of phagocytosis
in the liver. Furthermore, the prolonged presence of negatively charged AuNPs adversely
affects the liver and spleen [107].

4. Metal Oxide Nanoparticles

Metal oxide NPs have exhibited excellent antimicrobial activity. Zinc oxide nanopar-
ticles (ZnO-NPs), which possess antibacterial properties and facilitate wound healing,
have been loaded onto electrospinning fibers to prepare composite nanomaterials with
the inhibition of S. aureus and E. coli [70]. In this study, ZnONPs were synthesized by
a sustainable process using the Ilex paraguariensis leaves, which can yield low-toxicity
NPs. In addition, studies have shown that the cytotoxicity of ZnO-NPs can be mitigated
by their incorporation with fibers [108]. Like metal NPs, the antimicrobial mechanisms of
metal oxide NPs involve nanoparticle internalization, membranolysis, and ROS genera-
tion [109]. In other studies, composite materials like chitosan and hydrogels modified with
ZnO-NPs have shown remarkable antibacterial effects against multiple bacteria, including
Gram-positive and Gram-negative bacteria [110–113]. The investigators found that zinc
ions released by ZnO-NPs bind to negatively charged bacterial cell membranes, leading
to their lysis. The toxicity of ZnO-NPs depends on their concentration, drug delivery
route, exposure duration, and nanoparticle size [114]. ZnO-NPs at concentrations above
50 µg/mL show toxicity to the HGF-1 human gingival fibroblast cells [115]. However,
ZnO-NP exhibits potential genotoxicity to human epidermal cells even at concentrations
below 1 µg/mL [116].

Karuppannan et al. prepared antibacterial nanofiber materials by loading copper oxide
NPs onto electrospun nanofibers based on polycaprolactone and gelatin [117]. In vitro
antimicrobial experiments showed that the nanofibers exhibit robust antibacterial ability
against S. aureus, E. coli, and P. aeruginosa. The antibacterial mechanism of CuO-NPs has
been demonstrated to involve the generation of ROS through Fenton-like and Haber–Weiss
reactions, which oxidize the cell membrane and subsequently destroy the bacterial cell.
CuO-NPs show a higher cytotoxic potential than other metal oxide NPs [118]. Moreover,
compared to other sizes, the toxicity of CuO-NPs at the nanoscale was observed to increase.
High concentrations of CuO-NPs cause cytotoxicity, which results from the released cupric
ions [119]. CuO-NPs loaded with a concentration higher than 1% showed cytotoxicity
against NIH3T3 cells [120]. CuO-NPs exhibit genotoxicity and disrupt the HaCaT cell mem-
brane after 24 h of exposure when the concentration exceeds 5 µg/mL [121]. Another study
has demonstrated that CuO-NPs can penetrate the cell membrane and produce compounds
that contain essential enzymes within the cells, ultimately leading to cell death [122]. More-
over, previous studies have indicated that the structure of CuO-NPs doped with various
metals, including zinc, cobalt, zirconium, tungsten, and silver, enhanced the bactericidal
activity against various bacteria [118,123–125]. This result can be attributed to the larger
specific surface area of the metal-doped nanoparticle structure.

Some studies have demonstrated the excellent antimicrobial activity of cerium dioxide
nanoparticles (CeO2-NPs) against different strains of bacteria [126]. Gelatin polycaprolac-
tone nanofibers containing CeO2-NPs were developed for post-surgical topical antibacterial
therapy [127]. In vitro antibacterial and cytotoxicity assays showed that the nanofibers
containing 200 µg/mL of CeO2-NPs had bactericidal activity against P. aeruginosa while
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remaining nontoxic towards human fibroblast cells. Remarkably, the nanofiber composites
observably downregulated the expression of three genes, including shv, kpc, and imp genes,
which have been implicated in antimicrobial resistance acquisition. ROS has a critical
function in disrupting the cell membrane and serves as the primary bactericidal mecha-
nism of CeO2-NPs [128,129]. David et al. fabricated a nanocomposite with antibacterial
properties by incorporating titanium dioxide nanoparticles (TiO2-NPs) into multi-walled
carbon nanotubes [130]. The results indicate that TiO2-NPs inhibit S. aureus, E. coli, and
C. albicans, and remains nontoxic to human dermal fibroblasts. As a highly efficient and
low-side-effect photocatalytic antibacterial agent, TiO2 can achieve antibacterial effects
through various pathways [131]. ROS produced by TiO2 and released metal ions can
induce cell membrane peroxidation and enhance its permeability, eventually leading to cell
death [132–134]. Studies have shown that the bactericidal process also involves disrupting
the lipid layer on the cell surface, disturbing intracellular electron transport and inacti-
vating intracellular proteases [135,136]. The released metal ions can undergo electrostatic
adsorption onto the cell membrane, damaging the cell and intracellular proteins [137]. Fur-
ther research is still required to investigate the mechanism of photocatalytic antimicrobial
activity. Li et al. demonstrated the excellent anti-infective activity of cobalt-NP-modified
TiO2 heterojunctions through in vitro and in vivo antibacterial experiments [138].

5. Other Inorganic Nanoparticles

Inorganic NPs are considered the next generation of new antibiotic-free antimicrobials
due to their stability, easy fixation on implant surfaces, and ability to kill bacteria through
multiple mechanisms [139]. In addition to metallic and metal oxide NPs, other inorganic
NPs have been applied to antimicrobial coatings, such as metalloid elements, metal com-
pounds, and hybrids. Previous studies have demonstrated that SeNPs possess anti-cancer,
antioxidant, and substantial antibacterial activities against fungi and bacteria [140]. In
recent years, selenium nanoparticles (SeNPs) have emerged as a promising antibacterial
material in numerous studies due to their very low toxicity to mammalian cells [141–144].
As an antibacterial coating, SeNPs were deposited on titanium implants by surface-induced
nucleation and showed inhibitory effects against MRSA and MRSE [145]. The NPs not only
reduced the number of bacteria in the tissue surrounding the implant but also suppressed
biofilm formation on the implant. Importantly, SeNPs with a zero oxidation state have been
proven less toxic than other forms of Se, especially towards erythrocytes and embryonic
fibroblasts [146–148]. Moreover, the SeNPs demonstrated synergistic antibacterial effects
when combined with lysozyme, as high concentrations enabled effective inhibition of bac-
terial growth at significantly lower concentrations of SeNPs. Like most metal NPs, SeNPs
induce rapid bacterial lysis by disrupting the bacterial membrane, exhibiting a similar
antibacterial mechanism [149]. Furthermore, the gradual release of soluble selenium from
SeNPs can effectively hinder the growth of S. aureus by depleting free intracellular thiols.

Guo et al. first investigated the antibacterial effects of magnesium fluoride (MgF2)
nanoparticles from the perspective of innate immunity [150]. MgF2 nanoparticles (MgF2-
NPs) deposited on the surface of titanium implants by magnetron sputtering have been
shown to possess good anti-biofilm ability in in vitro experiments, and superior anti-
infection effects in vivo experiments. The study examined the co-culturing of MgF2-NPs,
bacteria, and polymorphonuclear leukocytes (PMNs), which are the primary white blood
cells and vital immune cells of innate immunity. The findings demonstrated that MgF2-
NPs enhanced the antibacterial ability of PMNs by improving their phagocytic capacity
and stability. The indirect immune-enhancing effect of MgF2 can promote the host’s
innate immune response against bacteria. This effect was concentration-dependent. At a
low concentration of 1.0–4.0 µM, fluoride significantly enhanced the ability of PMNs to
phagocytose bacteria in vitro, but it inhibited the phagocytic and microbicidal abilities of
PMNs at a concentration of 10–30 mM [151]. PMNs released ROS upon engulfing bacteria
and formed phagosomes to eliminate bacteria [152]. Fluorine ions have been widely
recognized for inhibiting bacterial metabolic activity through various mechanisms and
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possessing good antibacterial properties [153]. It has been observed that the excellent anti-
biofilm activity of Mg fluoride nanofilms may be due to the fluorine ions released from the
nanofilms. Nevertheless, the specific molecular mechanism requires further investigation.
Moreover, the fluorine ions released from MgF2-NPs did not hinder the proliferation of
fibroblasts while exerting antibacterial effects [154], and even promoted osseointegration
in vivo and osteogenesis in vitro [155,156]. However, additional studies have indicated that
free MgF2-NPs, rather than the released fluorine ions, have antibacterial functions against
S. aureus and E. coli [157]. MgF2-NPs can inhibit the activity of E. coli F1-ATPase by forming
MgADP-MgFx complexes [158]. A thin film of MgF2-NPs can prevent bacterial adhesion,
and the released NPs prevent bacterial biofilm formation through contact inhibition [159].

Stubborn bacterial biofilms and pervasive antibiotic resistance pose significant global
threats to human health. Therefore, there is an urgent need for an implant nanomaterial
with multiple antimicrobial modalities, thereby combining the ability of biofilm destruction
and the low risk of bacterial resistance. MXene materials are a type of metal carbide and
metal nitride material with two-dimensional (2D) layered structures and have many supe-
rior properties, including the tunability of elemental composition and structure, metallic
properties, carrier migration anisotropy, and good optical and mechanical properties [160].
These materials have gained global attention across various fields (such as energy storage,
biomedicine, catalysis, etc.) [161,162]. Furthermore, they also exhibit excellent antibac-
terial properties influenced by ultrathinness and atomic structures, according to some
studies [163]. A 2D niobium carbide (Nb2C) MXene titanium plate (Nb2C@TP)-based
medical implant with bacterial clearance and tissue regeneration capacities was developed
for multimodal infection control (Figure 3) [164]. The results indicate that Nb2C MXene
nanosheets (NSs) as an antibiofilm implant surface modification can effectively inhibit bac-
terial biofilm formation and induce bacterial apoptosis. Multiple antimicrobial mechanisms,
including biofilm inhibition, intrinsic bactericidal features, and photothermal bacteria ab-
lation, are involved in the antibacterial activity of Nb2C@TP. These were summarized
as follows: (1) Down-regulating the bacterial energy metabolism pathways leads to the
destruction of biofilms and elimination of bacteria. Nb2C@TP promotes biofilm separation
by activating the accessory gene regulator (Agr), which is critical for bacterial–biofilm
interaction [165,166]. It can also significantly suppress the expression of genes related to
bacterial energy metabolism, which are essential for bacterial growth and proliferation.
These findings suggested that Nb2C@TP had a significant effect on bacterial metabolism.
(2) Nb2C@TP directly leads to bacterial death through down-regulation of the tricarboxylic
acid cycle and phosphotransferase system pathway. Direct physical interaction between
the sharp edges of NSs and the bacterial membrane surface can disrupt the bacterial cell
membrane, ultimately resulting in its death [167]. (3) Due to the excellent photothermal
conversion efficiency and the sensitization ability toward bacteria of Nb2C@TP, a physical
thermal shock was employed to eliminate planktonic bacteria by denaturing DNA and
proteins, disrupting the bacterial motor system, and inducing efflux of cytoplasm from the
bacterial membrane. Shedding of cilia and flagella from the bacterial membrane can be
observed under a transmission electron microscope, suggesting that physical thermal shock
can destroy bacterial structures, prevent bacteria spread, and prevent biofilm formation,
ultimately leading to bacteria death. Because of the heightened heat sensitivity of bacteria,
the current study employed reduced heat levels to minimize the potential side effects
of hyperthermia.
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Figure 3. Nb2C@TP with three bacterial clearance strategies and tissue regeneration capabilities.
The upward solid arrows in the figure represent up-regulation and the downward solid arrows
represent down-regulation. Reprinted with permission from Ref. [164]. Copyright 2021 American
Chemical Society.

6. Organic Nanoparticles

Polyetheretherketone (PK) is widely used in orthopedic surgery due to its good
biological and physical properties [168]. PK as a bioinert material leads to low cell adhesion
and growth, as well as the loss of bone bonding after implantation. In recent years, many
PK-based nanocomposites have been endowed with biological activity and antibacterial
properties [156]. Tang et al. [169] prepared a nano zinc-magnesium silicate (nZMS)/PK
bioactive composite (nZPC) to improve the bioactivity and antibacterial properties of
PK as a bone implant. With increased nZMS content, nZPC significantly enhanced cell
attachment, proliferation, and osteogenic differentiation. Zinc ions released by nZMS
show antimicrobial properties through their synergistic effects on bacterial membranes
and membrane proteins, as well as intracellular enzymes [170]. Moreover, zinc ions exert
antimicrobial activity by disrupting the enzymes responsible for electron transfer and
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inhibiting bacterial DNA replication [171,172]. The study suggested that nZPC containing
50 w% of nZMS (50nZPC) exhibits good bioactivity and antibacterial activity, indicating its
potential as a promising antibacterial material for orthopedic implants.

Compared with antibiotics and metal NPs, natural antimicrobial peptides (AMP)
exhibit excellent antibacterial activity while avoiding drug resistance. AMPs can eliminate
bacteria by interacting electrostatically with the anionic cell membranes of bacteria through
their cationic groups, as well as by disrupting nonpolar bacterial membranes using hy-
drophobic residues [173]. The hydrophobic-modified antimicrobial peptides have many
advantages, including multi-biological functions, broad-spectrum antibacterial ability, and
low production cost. Research shows that quaternized polycarbonates not only have good
biocompatibility and biodegradability, but can inhibit bacterial growth by interacting with
bacterial membranes [174,175]. A previous study indicated that PEGylated polycapro-
lactone with cationic arms provided more surface-positive charges on the NPs, which
was essential for improving antimicrobial activity [176–178]. A new type of comb-like
amphiphilic cationic polycarbonate was prepared and blocked onto the polyethylene glycol
(PEG) by side chain atom transfer radical polymerization (ATRP) to exert antimicrobial
efficacy against Gram-negative and Gram-positive bacteria [179]. Moreover, the efficacy of
comb-like cationic polycarbonates with hydrophobically modified polyquaternium side
chains (G-CgQAs) in fighting vancomycin-resistant bacteria in mice has been demonstrated.
The antimicrobial activity of G-CgQAs results from strong hydrophobic and electrostatic
interactions, which can be mediated by the added hydrophobic poly(n-BMA)-segments
with a lipopolysaccharide (LPS) layer on the surface of bacteria [180,181]. The results
demonstrated that the interactions of G-CgQAs NPs with bacteria disrupt the membrane
structure, further leading to bacterial death. Nevertheless, it is vital to assess the biocom-
patibility and biodegradability of these antibacterial polymers in their clinical application,
which was not addressed in this study.

It is worth mentioning that integrating the functional components of multifunctional
organic nanocoatings into one layer can result in reduced surface properties, increased pro-
duction costs, and increased burden for material property control because of the decrease
in surface-grafting density for each component [182,183]. Therefore, organic biological coat-
ings with simple molecular structures and high surface-grafting density represent future
implant material coatings development trends. One study reported that a sulfonate-based
anionic polypeptide (PLC-SO3X, X=Na, H) coating with biocompatibility, antibacterial, and
antifouling properties was fabricated through ring-opening polymerization of L-cysteine-
based N-carboxyanhydride (NCA) with allyl groups and the thiol–ene reaction [184]. The
antibacterial mechanism of PLC-SO3X depends on the formation of a local acidic envi-
ronment for the sulfonic acid side chain [185,186]. Furthermore, higher surface density
of the sulfonic acid group results in a more substantial bactericidal effect. PLC-SO3X can
self-assemble into spherical NPs through intermolecular H-bonding interactions from the
β-sheet conformation, which can improve the local functional group density and enhance
the antibacterial activity [187]. Furthermore, the sulfonic acid group on the surface of the
NPs can inhibit bacterial adhesion [188]. The polypeptide coating used as an anti-infective
coating on implant materials exhibits good antibacterial properties, biocompatibility, and
antifouling ability. However, polymers containing sulfonic acid groups are highly cytotoxic
to mammalian cells [189]. The present study has demonstrated that PLC-SO3Na has negli-
gible cytotoxicity on erythrocytes but slight cytotoxicity on HEK 293T cells, possibly due to
the anionic peptides inducing cell membrane disorder and cell death. Thus, further studies
are needed to determine its cytotoxicity.

7. Nanoscale Surface with Special Morphology

Nanoparticles have been extensively investigated as antibacterial materials for ortho-
pedic implants. More and more researchers are concerned that the surface topography of
implants can also inhibit the adhesion of microorganisms, or even kill them. The develop-
ment of antimicrobial nanosurfaces shows promising applications in orthopedic implants.
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The physico–biochemical interactions between these nanomorphologies and the microor-
ganisms inhibit microbial adhesion and biofilm formation, thus enhancing the antibacterial
effect of the implant material itself. In research aiming to exert an antibacterial effect by
inhibiting bacterial adhesion at the very beginning, the construction of nanomorphology
characteristics has gradually become a new direction for implants.

7.1. Nanopillars

In orthopedic implant infection prevention, an increasing number of investigators have
focused on preventing the initial attachment of bacteria to the implant surface. Recently,
researchers have been exploring the modification of material surfaces to confer antifouling
or bactericidal capabilities, thereby preventing bacterial cell attachment and enabling the
substratum to kill bacteria mechanically. The nanopillars on the substrate surface can
provide unfavorable attachment points to prevent microbial colonization and mechanically
dissolve any bacterial cells that encounter the surface [190]. The bactericidal properties of
the nanopillars result from mechanical disruption of the bacterial cell membrane. Nanopil-
lars can induce the stretching and rupture of the bacterial membrane while cleaving it with
their sharp edges [27]. However, the specific bactericidal mechanism varies depending
on the geometry of the different nanopillars. Researchers discovered that the adhesion
forces generated by the nanopillar arrays on an insect’s wing surface could deform the
attached bacteria, causing the rupture of their cell membranes and subsequent bacterial
cell death [191,192]. This discovery has stimulated research on synthesizing biomimetic
nanomaterials that have emerged as a promising technology for the surface sterilization of
implants. It was found that the bactericidal effect of highly ordered nanopillar arrays with
a high aspect ratio is determined by the relative flexibility of individual nanopillars and the
mechanical energy stored within them [193]. When bacteria adhere to the substrate surface,
the resulting elastic pillar deformations lead to lateral stretching of the cell membrane
and interactions at the cell edge. At a height of 360 nm, relative to 220 and 420 nm, the
pillars are elastic enough to bend in response to bacterial membrane adsorption, thus
exhibiting the highest degree of antimicrobial activity. The stress-induced deflection of
the nanopillars upon bacterial membrane adsorption resulted in an enhanced bactericidal
effect against both Gram-negative and Gram-positive bacteria. The nanostructured surfaces
of these insect-wing-like structures induce the stretching and rupture of the bacterial cell
wall through the interplay of intrinsic adhesion to the cell wall and its elastic deformation.
Moreover, the cell wall that is adsorbed onto the nanopillar of the matrix experiences
mechanical stress, resulting in an elevation of internal turgor pressure, thereby causing the
cell wall to become hardened. The sensitivity of bacteria to nanopillar-surface physical-
mechanical sterilization is mainly affected by cell wall hardness and other cell mechanical
properties [194]. It facilitates the comprehension of the notable variations in bactericidal
effects among different bacteria when interacting with the same substrate. In addition, the
fundamental parameters affecting the bactericidal effect of the substrate surface included
the spacing, height, tip diameter, and base diameter of the nanopillars. The bactericidal
activity of nanopillars was enhanced with the increase in their height and sharpness [195].
Increasing the density of the nanopillar resulted in an increase in the total area of the
bacterial membrane adsorbed on it, leading to a better stretch of the cell membrane [196].

It was found that the elastic energy stored in the flexible nanopillars could be released
upon their deflection and contraction, enhancing their ability to stretch the bacterial cell
membrane. The mechano-bactericidal effect of multi-walled carbon nanotubes (CNTs) is
derived from the stored elastic energy due to deflection and contraction of the nanopillar
tip upon bacterial adsorption [197].

The sharp edges of the nanopillars can also exhibit high bactericidal activity [198].
Graphene nanosheets were observed to induce local disruption of the bacterial cell mem-
brane, loss of membrane potential, alterations in osmotic pressure, and leakage of cyto-
plasm [199]. Likewise, sharp nanoneedles on mechano-bactericidal silicon surfaces not only
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possess bactericidal properties, but also contribute to reducing inflammatory responses in
mice [200].

7.2. Nanohole

The application of antibacterial nanomaterials in bone infection has become a rapidly
growing field. The generation of ROS and disruption of bacterial cell membranes are
commonly considered classic antibacterial mechanisms. [201]. In contrast to the currently
understood primary antibacterial mechanism, a novel concept regarding the antimicro-
bial mechanism of nanohole-boosted electron transport (NBET) has been recently pro-
posed [202]. Nanoholes with atomic vacancies and biofilms act as electron donors and re-
ceptors, enhancing the high electron transfer capacity between nanomaterials and biofilms.
Electron transport disrupts the bacterial biofilm by damaging the key components, such as
proteins, polysaccharides, and extracellular DNA, on its surface. The nanoholes have been
shown to effectively decrease the expression of genes associated with biofilm formation,
leading to increased cell permeability and inhibition of biofilm synthesis. The nanohole-
enriched MoS2 (NR-MoS2) exhibited excellent in vitro and in vivo anti-infection efficacy,
surpassing both traditional antibiotics and other antibacterial nanomaterials in terms of
biocompatibility (Figure 4). After 10 consecutive generations, S. aureus exhibited rapid
development of resistance to common antibiotics, up to 125–268-fold. However, resistance
to NR-MoS2 did not emerge, even after 20 consecutive generations.
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7.3. Nanomaterials of Other Shapes

Bacterial biofilms are well known for their ability to create physical barriers and im-
munosuppressive microenvironments, protecting bacteria from antimicrobial agents and
hindering the host immune response [5,203]. Biofilm formation can transform macrophages
into an anti-inflammatory phenotype, reducing their bactericidal activity and impeding
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biofilm clearance [204,205]. Overcoming these barriers is crucial for effective sterilization.
A new approach called space-selective chemodynamic therapy has been proposed, using
CuFe5O8 nanocubes (NCs) as catalysts for pH- and H2O2 concentration-dependent Fenton-
like reactions to continuously eliminate biofilm fragments and exposed bacteria [206]. It
is exciting to discover that this nanomaterial, based on dual transition metals (Fe and
Cu), can overcome the physical and chemical barriers that induce the immunosuppressive
microenvironment. This study has demonstrated that the Fenton-like reactions catalyzed
by CuFe5O8 NCs generate significantly higher levels of ROS within the biofilm, compared
to lower levels of ROS outside the biofilm. The high levels of hydroxyl radicals catalyzed
by CuFe5O8 NCs can cleave extracellular DNA (eDNA) and disrupt the bacterial biofilm.
However, the low levels of hydroxyl radicals can stimulate the production of diverse
pro-inflammatory cytokines, consequently bolstering the inflammatory response against
infection and facilitating pathogen elimination [207,208]. Outside the biofilm, the immuno-
suppressive microenvironment is effectively reversed, since low levels of ROS can activate
pro-inflammatory immunity and produce low levels of hydroxyl radicals with relatively
high pH and low H2O2. Therefore, CuFe5O8 NCs not only disrupt the biofilm to kill bacteria
but also exhibit an immunity-remodeling effect by activating local macrophage-associated
immunity. Thus, they are considered a practical approach to combatting biofilm infections
related to implants. Guo et al. suggested that the antibacterial activity of CuFe5O8 NCs
may have originated from eDNA cleavage induced by the generation of hydroxyl radicals,
effectively disrupting the bacterial biofilm. In addition to direct bactericidal effects, they
inhibit bacterial adhesion and split biofilms, contributing to their anti-biofilm activity. The
role of immune regulation in biofilm-associated infections has often been overlooked in
previous studies. Following the disruption of the biofilm structure, CuFe5O8 NCs induced
the differentiation of macrophages into M1 macrophages and promoted the release of
pro-inflammatory cytokines to eliminate the biofilm. Additionally, CuFe5O8 NCs reversed
the polarization of M2 macrophages, which is typically induced by the biofilm, and created
a new pro-inflammatory microenvironment around the prosthetic area. Similarly, palla-
dium (Pd) nanocrystals have demonstrated excellent antibacterial properties by generating
reactive oxygen species through their oxidase- and peroxidase-like activities [56].

Multi-walled carbon nanotubes (MWCNTs) have been employed in antimicrobial
and drug delivery applications [209,210]. Surface modification of MWCNTs endows these
materials with new properties. For example, the presence of NPs on their surface can signif-
icantly enhance the antimicrobial activity of MWCNTs [211]. Recent research also showed
that different types of NP-modified MWCNTs exhibit higher antimicrobial activity [212].
Through their synergistic effect, MWCNTs decorated with AgNPs and ZnO NPs showed
more potent antibacterial activity against E. coli, S. aureus, B. subtilis, and P. aeruginosa.
Similarly, combining ZnO NPs with MWCNTs improved the antibacterial properties of the
nanocomposites against E. coli. In in vitro antibacterial experiments, MWCNTs_ZnO and
MWCNTs_Ag demonstrated significant antibacterial activity, even at lower concentrations
of 0.015% and 0.007%, respectively, resulting in observable inhibition.

Table 1. Bactericidal activity of nanostructured surfaces.

Material Morphology Bactericidal
Mechanisms Dimensions Tested

Organism
Biological

Activity/Effect/Outcome Refs.

PDA Nanoparticles Release of NOR
and CEP NA S. aureus and

P. aeruginosa

Antibiotic-embedded
superhydrophilic coating

(PDA/NOR and
PDA/CEP) possessed the

reinforced antibacterial
ability.

[34]
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Table 1. Cont.

Material Morphology Bactericidal
Mechanisms Dimensions Tested

Organism
Biological

Activity/Effect/Outcome Refs.

Chitosan Nanopores Release of Bbr Less than 1 µm S. aureus

The inhibition area in the
Bbr/CMCSM group

suggested a significant
antimicrobial activity.

[35]

LbL films
composed of
CBSA NPs
and OSA

Nanoporous Release of VAN Nanoporous
structures S. epidermidis

VAN-loaded LbL films
showed excellent

antibacterial activity.
[36]

Ti-NT Nanotube Release of VAN 100 nm in
diameter S. aureus

The Ti-NT-VAN/
pDA/Hya exhibited better

antibacterial activity.
[38]

Halloysite clay
nanotubes Nanotube Release of

MNA

A diameter of
50 nm and a

length of
600 nm

Fn

The nanotube composite
inhibits bacterial growth in

an area larger than the
membrane size and keeps
the inhibition zone long.

[41]

MSNs Nanoparticles Release of VAN 100 nm in
diameter MRSA

The PEG-D6- and
PEG-UBI29-41-modified

MSN nanocomposites
possessed excellent

antibacterial activity.

[48]

MSNs Nanoparticles Release of Lev NA E. coli and
S. aureus

The composite scaffold
significantly inhibited the
growth of both E. coli and

S. aureus.

[49]

PCL/gelatin Nanofibers Release of
MNA

560 nm in
average
diameter

Fn and Pg

The bacterial inhibition
zones are observed around

the membrane for the
bacterial nanofibers with

core-shell structure.

[51]

Silver Nanoparticles
Ionic silver and
reactive oxygen
species (ROS)

40–80 nm E. coli and
S. epidermidis

The antibacterial rates for
adhered bacteria were

maintained at 89.9% and
93.5%, respectively, for S.
aureus and E. coli within

12 weeks.

[71]

Cu/Ag-PDA-
NPs Nanoparticles

Ionic copper
and silver and

reactive oxygen
species (ROS)

270 ± 28 nm

S. mutans,
P. aeruginosa,
E. coli, and
S. aureus

The marked antimicrobial
activities against S. mutans,

P. aeruginosa, E. coli, and
S. aureus.

[84]

BGz Nanospheres

Attachment to
the cell

membrane,
accumulation in
the cytoplasm,

and the
production of

ROS

282.8 ± 2.1 nm P. gingivalis
P. gingivalis was

significantly reduced in the
BGz group.

[88]
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Table 1. Cont.

Material Morphology Bactericidal
Mechanisms Dimensions Tested

Organism
Biological

Activity/Effect/Outcome Refs.

Gold Nanoparticles

Gold ions
penetrate the

membrane and
cell wall,

resulting in
bacterial death

33 nm in
average
diameter

S. epidermidis
and Klebsiella

spp.

Over 99.99% of the
colonies and the colony
forming units, including

Klebsiella spp. and S.
epidermidis, were

eliminated at 0.64 wt%
of AuNPs.

[96]

ZnO Nanoparticles

Nanoparticle
internalization,
membranolysis,

and ROS
generation

18 ± 5 nm S. aureus and
E. coli

The viability of S. aureus
and E. coli bacterial cells
was reduced by 65% and

10%, respectively.

[70]

CuO Nanoparticles Generation of
ROS NA

S. aureus,
P. aeruginosa,

and E. coli

The bactericidal activity
was observed for both

Gram-positive and
Gram-negative bacteria.

[117]

CeO2 Nanoparticles
Cell membrane
damage caused

by ROS
≤20 nm P. aeruginosa

CNPs in a solution at a
concentration of
200 µg/mL had

bactericidal activity
against P. aeruginosa.

[127]

TiO2 Nanoparticles NA 15 nm in
diameter

S. aureus, E. coli,
and C. albicans

It inhibited the growth of
S. aureus and E. coli, as well

as C. albicans.
[130]

Se Nanoparticles

Destruction of
bacterial

membranes to
induce rapid

cell lysis

30–70 nm MRSA and
MRSE

The decrease in bacterial
cell viability of MRSA and
MRSE can be attributed to
a decrease in the number

of bacterial cells.

[145]

MgF2 Nanoparticles

Direct
antimicrobial

effects of
MgF2-NPs

enhancing the
phagocytosis of

PMNs

NA
MRSA,

S. epidermidis,
and S. aureus

MgF2 nanoparticle films
significantly restricted the

biofilm formation in a
dose-dependent manner.

[150]

Nb2C Nanosheets

Biofilm
inhibition,
intrinsic

bactericidal and
photothermal

bacteria
ablation

Average size of
~150 nm

MRSA and
E. coli

Nb2C@TP can effectively
eradicate planktonic
bacteria and inhibit
biofilm formation.

[164]

G-CgQAs Nanoparticles

Positive charge
and suitable

hydrophobic–
hydrophilic

balance

60 nm
S. aureus,

MRSA, and
E. coli

It not only has a broad
spectrum and high

antimicrobial activity
against Gram-negative,

Gram-positive, and
antibiotic-resistant

bacteria, but also shows
strong anti-infective

effects against
vancomycin-resistant

bacteria.

[179]
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Table 1. Cont.

Material Morphology Bactericidal
Mechanisms Dimensions Tested

Organism
Biological

Activity/Effect/Outcome Refs.

PLC-SO3X Nanoparticles

The low local
pH from

sulfonic acid
side chains

50 nm S. aureus and
E. coli

The sterilization rate of the
PLC-SO3H coating against
S. aureus and E. coli were

99.1% and
>99.9%, respectively.

[184]

nZMS Nanoparticles Release of
zinc ions 100 nm E. coli

The nZPC revealed good
antibacterial activity

against E. coli, in which
50nZPC had the strongest

antibacterial activity.

[169]

Silicon Nanopillars
Stress-induced

deflection of the
nanopillars

360 nm P. aeruginosa
and S. aureus

The 360 nm nanopillar
array exhibited the highest

antimicrobial activity,
resulting in 95 ± 5% and
83 ± 12% cell death of P.
aeruginosa and S. aureus,

respectively.

[193]

NR-MoS2 Nanohole
Facilitation of

electron
transport

40 nm S. aureus

The
anti-infection capacity of

the NR-MoS2 was found to
be excellent,

both in vitro and in vivo.

[202]

CuFe5O8 Nanocubes

Generation of
ROS;

remodeling of
the immune

microenviron-
ment

A mean side
length of about

15 nm

S. aureus and
E. coli

CuFe5O8 NCs effectively
ruin the bacterial cell wall
or membranes of S. aureus

and E. coli
planktonic bacteria.

[206]

MWCNTs Nanotubes

The physical
interaction of

the
nanomaterials

with cell
membranes,
disruption of

cell membranes
and DNA
structures.

7–33 nm

E. coli, S. aureus,
B. subtilis,

C. albicans, and
P. aeruginosa

The nanocomposites show
obvious antibacterial

activity and reduce biofilm
formation in multiple
associated microbial

strains.

[212]

S. aureus, Staphylococcus aureus; S. epidermidis, Staphylococcus epidermidis; Fn, Fusobacterium nucleatum; MRSA,
Methicillin-resistant Staphylococcus aureus; PCL, polycaprolactone; Pg, Porphyromonas gingivalis; E. coli, Escherichia
coli; S. mutans, Streptococcus mutans; P. aeruginosa, Pseudomonas aeruginosa; BGz, Bioactive glass; P. gingivalis,
Porphyromonas gingivalis; CuO, cupric oxide; CNPs, cerium oxide nanoparticles; MRSE, Methicillin-resistant
Staphylococcus epidermidis; C. albicans, Candida albicans.

8. Summary

With advancements in nanotechnology, antibacterial orthopedic implants have made
significant progress. Nanomaterials have demonstrated significant advantages over an-
tibiotics regarding biocompatibility and reduction of antibiotic resistance. This study
overviews recent research on antimicrobial nanomaterials in orthopedic implants. Nan-
otechnology offers various therapeutic approaches for preventing and treating infections
in orthopedic surgery. Continuous innovation and improvement of nanomaterials are
necessary to address severe postoperative infections. Moreover, nanomaterials can enhance
biocompatibility and exhibit different biological functions through loading with proteins
and drugs. Despite the great potential of nanomaterials in antibacterial therapy for ortho-
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pedic implants, there is currently a lack of commercially available products that are easily
transformed and cost-effective.
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