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Prosthetic joint infection (PJI) is often considered as one of the most

common but catastrophic complications after artificial joint replacement,

which can lead to surgical failure, revision, amputation and even death. It has

become a worldwide problem and brings great challenges to public health

systems. A small amount of microbe attaches to the graft and forms a biofilm

on its surface, which lead to the PJI. The current standard methods of

treating PJI have limitations, but according to recent reports, bioactive

materials have potential research value as a bioactive substance that can

have a wide range of applications in the field of PJI. These include the

addition of bioactive materials to bone cement, the use of antibacterial and

anti-fouling materials for prosthetic coatings, the use of active materials

such as bioactive glasses, protamine, hydrogels for prophylaxis and

detection with PH sensors and fluorescent-labelled nanoparticles, and

the use of antibiotic hydrogels and targeting delivery vehicles for

therapeutic purposes. This review focus on prevention, detection and

treatment in joint infections with bioactive materials and provide

thoughts and ideas for their future applications.
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1 Introduction

1.1 Prosthetic joint infections

With the development of population aging, the incidence of lower extremity

joint diseases is increasing in the elderly population, and seriously affects the quality

of life of the elderly. Total joint arthroplasty (TJA) is mainly used to treat end-stage

joint diseases. The surgery involves removing part or all of the damaged joint and
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fitting hardware—orthopaedic prostheses made of metal,

plastic, ceramic or a combination of these materials (Innes

and Atwater, 2020) to allow movement without pain or

restriction and it can relieve joint pain, correct joint

deformity, restore joint function and enhance the quality

of life. Because of these advantages, TJA is widely used

around the world. One of the most commonly

encountered and devastating post-arthroplasty

complications is prosthetic joint infection (PJI)

(Rodríguez-Pardo et al., 2015). This may require revision

surgery and in some severe cases, it even brings out

amputation (Kapadia et al., 2016) or death (Izakovicova

et al., 2019). Therefore, PJI has become a worldwide

challenge and imposes a huge economic burden on public

health systems (Premkumar et al., 2021).

Regarding to the classification of PJI, there is no

sufficiently clear international delineation of the clinical

classification of PJI. In a review by Costa-Pinto et al.,

(2021), it provides a rational classification of PJI based on

cause, development of the infection and treatment. According

to this classification, PJI is divided into three categories: early/

acute, delayed/subacute and late/chronic. Early/acute PJI

usually occurs less than 3 months after surgery and is

commonly caused by intra-operative contamination, usually

treated with debridement, antibiotic treatment and retention

of the prosthesis. Delayed/subacute PJI usually occurs

3–24 months after surgery and can be acquired at the time

of surgery (caused by less virulent microorganisms), mostly

treated with debridement and prosthetic retention or removal.

Delayed/subacute PJI usually occurs more than 2 years after

surgery and is usually initially asymptomatic, mostly caused

by bloodstream infection, but can also be caused by

intraoperative contamination. Treatment usually includes

debridement, antibiotic therapy, revision, and the

prosthesis is often not reserved. Thus, the appropriate

treatment can be selected according to the type of PJI and

the degree of infection.

1.2 Mechanisms of prosthetic joint
infections

The main causes of PJI are microbial adhesion and biofilm

formation. It accounts for 60% of hospital-associated infections

(Zilberman and Elsner, 2008). Infections caused by biofilm

formation may lead to tissue destruction, systemic

transmission of pathogens, severe systemic disease and even

death (Hall-Stoodley et al., 2004). Implant-associated

infections are caused by bacterial adhesion, which is

influenced by several factors: 1) hydrophobicity and surface

charge of the bacteria; 2) factors on the implant surface; 3)

environmental factors; 4) tissue factors in the blood; 5) specific

adhesion molecules (Ribeiro et al., 2012). A biofilm is a complex

and organized colony of microorganisms whose surface is a self-

produced polymer matrix of polysaccharides, proteins, and DNA

in a matrix. This allows biofilms to adhere to exposed surfaces

(Jolivet-Gougeon and Bonnaure-Mallet, 2014). Following this, a

series of events occur (Figure 1): a new cycle of cell attachment,

adhesion, matrix development, mature biofilm and dispersion

from the biofilm, which in turn generates biofilms elsewhere.

A variety of molecules are transported in the polysaccharide

matrix in the biofilm and can provide environmental structural

stability to bacteria (McConoughey et al., 2014). Biofilms are also

interspersed with a variety of water channels that improve the

nutrition and metabolism of microorganisms (Høiby et al.,

2010). These factors make biofilms resistant to antibiotics,

tolerant to disinfectants, and immune system-resistant

(Arciola et al., 2015).

1.3 Current strategies to treat prosthetic
joint infections

Standard treatments of PJI include taking out the infected

joint prosthesis, eliminating the necrotic bone fragments, using

antibiotics locally and/or systemically, and revising the joint with

FIGURE 1
Schematic preparation of the steps of biofilm formation (Bistolfi et al., 2019)., Copyright 2019, Materials.
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a new prosthesis after the infection has been healed thoroughly

(Costa-Pinto et al., 2021). Although suffer such rigorous

treatment, compared to uninfected TJA patients, patients with

PJI will experience poorer quality of post-operative life (Kapadia

et al., 2016) and face higher 5-year mortality rate (Berend et al.,

2013). Bacterial biofilm’s capacity to withstand mechanical

debridement and antibiotics is one of the primary causes of

PJI and one of the reasons it is challenging to eradicate (Levack

et al., 2018). So proper prevention, detection and treatment in PJI

is significant.

To avoid this situation, polymethylmethacrylate (PMMA)

bone cement is often used in orthopedics as the gold standard

biomaterial for antibiotic treatment of surgical sites (Inzana et al.,

2016). The addition of antibiotic powder to PMMA bone cement

was first used and described over 60 years ago as a means of

preventing PJI. Nowadays, PMMA bone cement is used as a

routine medical step in joint replacements in most countries

around the world (Engesæter et al., 2011). However, PMMA

bone cement, the gold standard biomaterial for topical antibiotic

administration, has several unavoidable drawbacks. Limited

antibiotic release, compatibility issues with a variety of

antibiotics, a lack of biological activity, and the requirement

for surgery to remove non-biodegradable bone cement before

revision surgery are some of these drawbacks (Inzana et al.,

2016). Recently, bioactive materials have emerged as potentially

valuable biomaterials with biodegradability, minimal

immunogenicity, ability to heal wounds, antibacterial action,

and anti-inflammatory potential (Costa-Pinto et al., 2021).

Compared to most synthetic polymers, bioactive materials are

less toxic and more biocompatible. Therefore, there is great scope

for research on bioactive materials in response to PJI.

2 Bioactive materials in prevention
of PJI

As previously mentioned, the now commonly used PMMA

bone cement still has many limitations. Therefore, the prevention

of PJI has been thoroughly researched using the new bioactive

materials.

2.1 Bone cement with bioactive material

In order to reduce the deficiency of existing bone cements,

bioactive materials have been added to bone cements to increase

their effectiveness in many studies.

2.1.1 Quaternary ammonium and alkoxysilane
In the study by Wang et al. (2021), they add γ-

methacryloxypropyltrimetoxysilane to provide the biological

activity of PMMA cement and use 2-(tert-butylamino) ethyl

methacrylate (TBAEMA) to increase antimicrobial

performance. By using quaternary ammonium salts,

alkoxysilanes, and water-soluble calcium salts as chemical

modifiers, PMMA cements exhibiting both bioactive and

antimicrobial activities were obtained. The bone cements were

tested for mechanical properties, bioactivity, antibacterial

activity. According to the findings, the manufactured bone

cements could adhere to ISO 5833s requirement for TBAEMA

concentrations of 5% or less and exhibit antimicrobial properties

against both gram-positive and gram-negative bacteria.

2.1.2 Chitosan and graphene oxide
In a study by Valencia Zapata et al. (2019), they added

chitosan (CS) and graphene oxide (GO) to Acrylic Bone

Cements (ABC) and studied their physicochemical, thermal,

mechanical and biological properties. The majority of the

ABCs in use today are made up of two elements: a solid

based on polymethyl methacrylate (PMMA) and a liquid

based on methyl methacrylate (MMA) (Hendriks et al., 2004),

which are mixed to produce a polymeric monomer reaction in a

chemical reaction that then becomes a hardened cement paste

(Deb, 2008).

According to Zapata (Valencia Zapata et al., 2019) group’s

finding, the addition of nanosheets composed of GO increased

the antimicrobial activity, roughness and bending behavior of

ABC, and also gave good dispersion of ABC. These altered

physical properties are caused by the specific morphology of

the nanosheets. In contrast, the addition of CS increased the

porosity, degradation rate but decreased the compression

properties of ABCs. This is due to the higher viscosity of the

slurry produced by the presence of CS, which promotes the

retention of air within the cement during the mixing process.

From a biological point of view, the increased roughness and

porosity facilitates osteoblast adhesion, proliferation,

mineralisation and protein adsorption thereby improving the

cytocompatibility of the osteoblasts. As a result, better thermal

stability, flexural modulus, antibacterial behavior, and osteogenic

activity were demonstrated by ABCs containing both GO and CS,

which offer great promise for orthopedic applications. In

addition to this, all ABCs were free of cytotoxicity and

supported good cell viability of human osteoblasts (HOb). The

ABC nanocomposites made with 15% CS and 0.3% GO (CS +

GO) were ultimately discovered to have a synergistic impact on

physical, mechanical, thermal, and antibacterial characteristics

after comparing the findings obtained with the various

formulations. These findings imply that the formulation has a

strong potential for usage as an orthopedic antimicrobial

bioactive cement.

2.1.3 Bioactive glass
In the current study by Wekwejt et al. (2021), it was found

that although Nanosilver-loaded PMMA bone cement (BC-

AgNp) had antibacterial activity, it still lacked biodegradability

and bioactivity. Bioactive glasses were then used to increase the
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bioactivity of the bone cement. The researcher doped bioactive

glasses of different particle sizes into BC-AgNp and examined the

effects of bioactive glasses addition using microscopic analysis,

mechanical testing, cytocompatibility and antimicrobial

efficiency studies. The results showed that the bone cements

incorporated with different sizes of bioactive glasses had different

properties. Bioactive glasses incorporated with smaller particles

(40 μm) exhibited higher porosity and better antimicrobial

properties, but mechanical properties were reduced within an

acceptable range. These results indicate that the incorporation of

bioactive glass into bone cements can increase the bioactivity of

bone cements and can have applications in the medical field.

2.2 Antibacterial prosthesis coating

Bacterial infection is a major reason for joint replacement

failure (Palierse et al., 2021a). In order to stop bacterial adhesion

and counteract joint prosthesis infection, choosing a prosthetic

coating with antimicrobial properties can be effective in actively

killing bacteria and thus preventing infection. With the

development of cell biology and material science, many new

antimicrobial prosthetic coatings have been developed and good

progress has been made.

2.2.1 Sliver (Ag)
Prior to the discovery of antibiotics, the antibacterial element

silver (Ag) was widely employed as a bactericide (Chopra, 2007).

The principle of silver sterilization is that Ag cations (Ag+) bind

to proteins, enzymes, and cell membrane components in bacteria,

reacting to destroy them and replace metal ions (such as Zn2+ and

Ca2+), thereby inducing bacterial death (Hetrick and Schoenfisch,

2006). Additionally, silver ions enter the bacterial cell and attach

to the sulfhydryl groups of metabolic enzymes in the DNA and

electron transport chain, altering bacterial replication and

metabolic activities. Bacterial death may result from this (Feng

et al., 2000).

With the advancement of technology, silver nanoparticles

(AgNPs) are now mostly used instead of traditional metallic

silver. Compared with metallic silver or its salts, The benefit of

AgNPs is that the antibacterial activity lasts longer and the release

of silver ions is gradual and regulated (Nemeno et al., 2014).

Currently, there has been some progress in the research and

application of coatings for various silver-containing prostheses.

Croes et al. (2018) developed a coating formed by combining

Chitosan (CS) with AgNPs and showed its antimicrobial effect

and sustained drug release properties. There are combinations of

silver and calcium phosphate coatings that allow prosthetic

coatings to acquire anti-microbial properties, such as Ag-

containing hydroxyapatites (HA) nanocrystals that have

shown antibacterial activity against S. aureus and E. coli

in vitro (Rameshbabu et al., 2007). Were shown to inhibit

Methicillin-resistant Staphylococcus aureus (MRSA)

colonization and adhesion in a rat in vivo research (Shimazaki

et al., 2010). One study mixed AgNPs with heparin and chitosan

to form an electrolyte coating with antibacterial activity against

E. coli (Fu et al., 2006). The incorporation of Ag into anti-wear

ceramics (e.g., titanium nitride (TiN) (Kelly et al., 2010) and

titanium carbon nitride (TiCN) (Sánchez-López et al., 2012),

which can reduce the friction of the prosthetic joint coating and

reduce debris from joint collisions) can enhance their

antimicrobial activity.

Although the silver coating has good sterilization properties,

the operation of joint prostheses also requires high loads.

Therefore, the mechanical properties of silver-containing

coatings on orthopedic implants also need to be taken into

account.

2.2.2 Nitric oxide
NO is a gas that has a significant physiological function in

organisms. As signal molecules, involved in immune regulation,

wound healing, etc (Hoang et al., 2018). It also has some

antibacterial activity. It hinders bacterial adherence and has

bactericidal effects on both gram-positive and gram-negative

bacteria (Charville et al., 2008). It combines with the strong

oxidizing agent superoxide (O2−) produced by macrophages to

create peroxynitrite. This substance can damage cell membranes

and also has a toxic effect on bacteria by oxidizing cellular DNA

(Hetrick and Schoenfisch, 2006). However, because to the fact

that NO is unstable and difficult to control and fix once released

(Yang et al., 2018), it has become difficult to control NO to exert

its bactericidal effect.

A hydrogel system PCP/RSNO made of CS, polydopamine

(PDA), and NO-releasing donor modified poly vinyl alcohol (PVA)

was created by Li et al. (2020) to address this problem (Figure 2). By

coating the hydrogel with a red phosphorous (RP) nanofilm that was

deposited on a titanium implant (Ti-RP/PCP/RSNO), the release of

NO and O2 can be regulated using near-infrared (NIR) light. This

resulted in the formation of ONOO−. A combination of ONOO−,

O2, and hyperthermia at 808 nm NIR irradiation successfully

removed more than 93.1% of an MRSA biofilm, exceeding

vancomycin (76.2%). The anti-biofilm efficiency was 91.9% as

well. The released NO encouraged osteogenic differentiation and

managed inflammatory polarization in addition to serving as an

antibacterial against MRSA biofilms by upregulating the expression

of phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN) and

TNF-α. Bone formation caused by NO released from this coating

technology under NIR irradiation was confirmed in vivo, with an

efficacy rate of 99.2%.

2.2.3 Hydroxyapatite and baicalein
Baicalein is a chemical that is generated from plants and has

antibacterial and antioxidant effects (Dinda et al., 2017).

Hydroxyapatite as a material with significant biological

activity and a molecular structure similar to bone minerals

(Yamamuro et al., 1995), has a common clinical application
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as a coating for prostheses (Kazemi et al., 2020). Palierse et al.

(2021b) attempted to investigate the combination of

hydroxyapatite nanoparticle coatings with baicalein for

improving the properties and antimicrobial activity of

prosthetic implants. They used an aqueous solution of

calcium, phosphate, sodium, and magnesium salts to create a

calcium-deficient biomimetic hydroxyapatite planar coating that

was placed on Ti6Al4V alloy and adsorbed with baicalein. The

top surface of the hydroxyapatite covering was partially

dissolved/remodeled after immersion of the titanium alloy in

a baicalein solution. X-ray Photoelectron Spectroscopy and

fluorescence analyses were used to assess the presence of

adsorbed baicalein on the hydroxyapatite layer despite the

inability to quantify it accurately. The findings revealed that

Staphylococcus epidermidis was significantly inhibited by planar

coatings’ antibacterial activity. Nanoparticles treated with

baicalein showed strong antioxidant qualities. This result

illustrates the ability of hydroxyapatite to adsorb some

bioactive molecules, thus enhancing its antibacterial activity.

2.2.4 Gallium-containing active material coating
Gallium, as a metal, plays a specific role in the medical field.

Gallium ions have some biological activity and have therapeutic

effects on some diseases such as hemostasis (Pourshahrestani

et al., 2017) and prevention of bacterial infections (Bastos et al.,

2019). Gallium is a metallic element with an oxidation state of

+3 that belongs to group 13 of the periodic table. Ga3+ has some

similarities to Fe3+ in the body. Cellular respiration, DNA

synthesis, and oxygen transport are just a few of the bodily

processes that iron is crucial to (Hijazi et al., 2018). When an

infection occurs in the body, in response to the immune system,

the host decreases the availability of iron so that bacteria lack Fe3+

to prevent bacterial proliferation (Andrews et al., 2003), and

bacteria also take up large amounts of trivalent iron in response,

but the similarity between Fe3+ and Ga3+ (Xu et al., 2017) makes it

difficult for bacteria to distinguish because of the chemical

structure. Ga3+ and Fe3+ are driven into competition for vital

bacterial proteins and enzymes as a result. Ga3+ cannot be

decreased in vivo under physiological conditions, in contrast

FIGURE 2
(A) Ti-RP/PCP/RSNO hydrogel coating system preparation process schematic diagram. (B) A diagram showing how a biofilm can be eliminated
using NIR. (C) Diagrammatic representation of the processes encouraging bone growth and clearing MRSA biofilms. Ti is for titanium; CVD is for
chemical vapor deposition; RP stands for red phosphorus; PCP is for polyvinyl alcohol hydrogel; NIR is for near infrared; MRSA is for methicillin-
resistant Staphylococcus aureus; and NO is for nitric oxide (Li et al., 2020)., Copyright 2020, American Chemical Society.
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to Fe3+, thereby inhibiting the iron-dependent redox pathway

within bacteria and acting as an inhibitor of bacterial growth

(Figure 3). According to reports, prevalent harmful bacteria like

Pseudomonas aeruginosa are inhibited by gallium ions

(Rimondini et al., 2014; Stuart et al., 2018). The antimicrobial

properties of gallium are also used in the coating of manymedical

implants. Cochise et al. (Cochis et al., 2015) used the anodic spark

deposition (ASD) approach to attach gallium to the titanium

surface to prevent bacterial development. A simple hydrothermal

ion exchange process was used by Yamaguchi et al., (2017) to

create a gallium-containing titanium surface coating with a phase

of calcium titanate or gallium titanate that contains gallium.

Based on the material’s increased bioactivity, the coating’s

surface demonstrated an improved antibacterial effect against

Acinetobacter baumannii. A new technique was created by Dong

et al. (2019) to cover the titanium substrates’ surface. The

titanium surface was first prepared for TiO2 nanotubes by

electrochemical anodization. The samples were then

submerged in a combination of biodegradable polymer made

from poly lactic acid and gallium nitrate. In this method, gallium

nitrate is covered by TiO2 nanotubes on the surface and offers

local transport for Ga3+. The endo-energetic layer that was

implanted was enough to stop the growth of the S. aureus

and E. coli strains and lessen the inflammatory reaction.

Akhtar et al. (2021) devised a method based on the chitosan

chelating ability. First, by homogeneously embedding Ga3+ ions

into chitosan using in situ precipitation. Then, the complex was

attached to the steel mass by electrophoretic deposition (EPD).

Compared to pure chitosan, the Ga3+-chitosan complex was 90%

more effective in inhibiting E. coli.

What’s more, high gallium ion concentrations (50 mg/ml)

adversely affect human dermal neonatal fibroblast (HNDF) cells

(Best et al., 2020), however, the above study did not show

cytotoxicity.

2.3 Anti-fouling coating

Biocontamination is caused by the undesirable accumulation

of biomolecules, microorganisms, and cells on the wet surface of

biomedical implants (Lee et al., 2020).Mitigation of biological For

the treatment of periprosthetic infections, the formation of a

strongly hydrated layer of tightly adhered hydrophilic

macromolecules on the surface has proven to be one of the

most effective ways to mitigate biological contamination

(Sanchez-Cano and Carril, 2020; Asha et al., 2021). Although

polyethylene glycol (PEG) has been widely used for many clinical

applications, because it is non-degradable, accumulates in the

FIGURE 3
Gallium’s antimicrobial action is shown schematically. By utilizing transferrin, homophora, and siderophore as Fe-uptake pathways, Ga is able to
get through the cytoplasmic membrane of bacteria. Because gallium cannot be reduced, it interferes with vital biological processes like respiration,
DNA synthesis, and oxidative stress reactions (Kurtuldu et al., 2022). Copyright 2022, Bioactive Materials.
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body and is sensitive to oxidation, this limits the long-term

biomedical applications of PEG (Schöttler et al., 2016).So,

finding suitable biocompatible materials remains a great

challenge.

The development of bioactive antifouling materials is still in

its early stages. In the study (Sabaté Del Río et al., 2019; Chang

et al., 2022), a novel bioantifouling material was developed based

on flexible intrinsically disordered proteins (IDPs) of FUS

proteins (fused in sarcoma, a typical RNA-binding protein

containing an IDP sequence) containing rich in hydrophilic

residues. A chemically defined FUS IDP sequence was labelled

using a tetracysteine motif (IDPFUS) and used to covalently

immobilise it on different surfaces to form a homogeneous

protein entanglement layer, which promoted strong hydration

of the surface. In vitro and in vivo experiments showed that the

idpfu-coated surface exhibited good resistance to different cells,

platelets, and bacteria. In the study by Lee et al. (2020), DA-HA

was synthesised and used as a coating material for fixing to

commonly used implantable substrates [(i.e., polyimide (PI), gold

(Au), poly (methyl methacrylate) (PMMA),

polytetrafluoroethylene (PTFE), and polyurethane (PU)].

Through the self-polymerization of DA-HA at an alkaline pH,

highly hydrophilic HA chains were fixed on the substrate

surfaces. The surface adherence of cells and non-specific

protein adsorption were significantly inhibited on DA-HA-

modified substrates. Nearly all macrophage attachment was

blocked in vitro by DA-HA coating. When compared to the

original substrate, non-specific bovine serum albumin (BSA)

adsorption on the modified substrate was reduced to 22–46%

in vivo studies.

These studies show that the use of materials with anti-fouling

properties prevents bacterial adhesion to the implant surface and

acts as an inhibitor of biofilm growth. They demonstrate the

potential for further applications of bioactive materials with anti-

fouling capabilities in the biomedical field and provide insight

into further exploration of the choice of materials for coating the

surfaces of prostheses.

2.4 Bioactive glasses

In order to avoid infections in prosthetic joints, substantial

research is being conducted on bioactive glasses, a combination

of chemicals that serve as a carrier (Rahaman et al., 2014a). They

have the capacity to break down in bodily fluids, releasing ions

into the environment, while in vivo converting to hydroxyapatite

(HA), which securely adheres to bones and soft tissues. The

process (Jones, 2013) consists of four major phases. 1) the

bioactive glass slowly dissolves, allowing soluble ions

(including calcium and other ions) to slowly dissolve into the

bodily fluid. 2) The development of an amorphous calcium

phosphate (ACP) layer on the glass’ surface as a result of the

interaction between phosphate ions present in bodily fluid and

calcium ions dissolved from the glass. 3) Ongoing ion dissolution

in the biogenic glass and delayed ACP layer development. 4) Slow

chemical activity gradually converting the ACP layer to HA.

Given the unique properties of bioactive glass as a carrier

system, both physically and chemically, it has scalable functional

properties in the treatment of joint infections. For enhancing the

antimicrobial activity of bioactive glass, three methods are now

being investigated. The first method focuses on the use of

specially designed bioactive glass that, through the glass’s

disintegration, modifies the local physiological environment

and has a bactericidal impact. The second technique involves

adding trace elements to the bioactive glass that have some

antibacterial action and may be released through the

deterioration of the glass at a pace suited to clinical

requirements. Examples of such trace elements include silver.

The third technique involves mixing certain antibiotics with

bioactive glass, which can operate as a carrier system to

disperse the antibiotics across a wide region (Rahaman et al.,

2011).

2.4.1 Degradation of specially formulated
bioactive glasses leading to changes in the local
physiological environment produced (S53P4)

A silicate bioactive glass named 45S5 and bioactive glasses

based on 45S5 components (e.g., S53P4 and 13–93) have been

most extensively studied for medical applications in bioglass

(Rahaman et al., 2014a). S53P4 can achieve antimicrobial effects

through changes in the local physiological environment and the

release of related combinations. The local pH of simulated bodily

fluid may be raised from 7.4 to 11.7 in just 8 h thanks to the

dissolution of alkali metal and alkaline earth ions in S53P4 glass,

and it can stay there for at least 48 h (Zhang et al., 2006). In a

study by Cunha et al. (2018), the antibacterial activity of Bioactive

Glass (BAG)-S53P4 was evaluated by time-kill curves against

strains associated with joint infections and vancomycin- and

gentamicin-resistant strains, and compared with antibiotic-

loaded PMMA. The antibacterial capabilities of BAG were

found to be comparable to those of the antibiotic-loaded

PMMA and to exhibit good in vitro antibacterial activity, thus

demonstrating the usefulness of BAG-S53P4 as a bioactive bone

substitute for antibacterial purposes.

2.4.2 Bioactive glass doped with antimicrobial
agents

Silver (Ag) has a long history in the antimicrobial field as an

antimicrobial material, used as a frequent biocide before

antibiotics were discovered (Chopra, 2007). When creating

bioactive glasses, silver may be included into the structure of

the glass, and when the glass breaks down, Ag ions are released at

a controlled rate. Bioactive glasses with silver doping have shown

great success in preventing infections around prosthetics. By

using the traditional melting and casting procedure, Luo et al.

(2010) created borate bioactive glasses doped with 0.75–2.0 wt%
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Ag2O and assessed the impact of the Ag2O concentration on the

kinetics of Ag release and biocompatibility. It was discovered that

the beginning concentration of Ag2O in the glass had an effect on

the rate of Ag release. The biocompatibility of bioactive glasses

containing 1 wt% Ag2O was demonstrated by the cultivation of

mouse osteoblasts and fibroblasts in medium containing glass

dissolution products. In a study by Prabhu et al. (2013) it was

found that the bioactive material glass doped with Ag2O

nanoparticles exhibited outstanding antibacterial action

against Escherichia coli and Staphylococcus aureus. Besides

melting and casting methods, Ferraris et al. (2017) used the in

situ reduction of silver nanoparticles (Ag-NPs) with antibacterial

properties on bioactive glass. They used the reduction of silver

ions on the surface of the glass to metallic silver nanoparticles

and evaluated the ability of the bioactive glass against S. aureus. It

was found that the bioactive glass containing Ag-NPs had a 20%

increase in the antibacterial ability against S. aureus. What’s

more, it was shown that while physiologically active, Ag2O was

somewhat hazardous to human cells at a concentration of

100 μg ml (−1) (Prabhu et al., 2013). In another study by Ryan

et al. (2022), mice were given daily oral doses of AgNPs+ (20.5 mg

kg−1) and Ag+ (20.5 mg kg−1). 18 days later mice showed

hepatomegaly and splenomegaly.

Copper (Cu) has an important role as a trace element in the

human body, and nowadays it also has been shown to have an

effect on angiogenesis and to be a strong antimicrobial agent

(Bharathi Devi et al., 2016). Rivera et al. (2022). Developed an

innovative surface coating by electrophoretic deposition (EPD)

consisting of a copper-containing bioactive glass and some

bioactive materials. The coating produced by EPD was found

to have significantly higher (p < 0.05) properties against

combined bacteria like Staphylococcus aureus, Staphylococcus

epidermidis, and Escherichia coli antibacterial compared to the

copper-free coating after images under field emission scanning

electron microscopy (FESEM) were examined. Additionally, it

was discovered that when cells and bacteria were cultivated

together on this coated surface, cell viability was sustained.

Finally, in vivo research showed that S. aureus biofilm growth

was inhibited, and the development of neovascularization

(<50 μm diameter) was noted. Thus, it was proven that

elemental copper may both encourage angiogenesis and

prevent bacterial infection. In another study by Miola and

Verné (2016), they used copper doping of bioactive glass

powders in aqueous solution by ion exchange techniques. In

the ion exchange process, they first used different copper salts

(nitrate, chloride, acetate and sulphate) at the same concentration

and found in the structural analysis that ion exchange with

copper nitrate and copper chloride produced a crystalline

phase in the bioactive glass and that the bioactive glass ion

exchanged with copper acetate contained more copper than that

exchanged with copper sulphate. The ion-exchange technique

was then used with different concentrations of copper acetate to

test the antibacterial activity of bioactive glass powders ion-

exchanged in copper acetate solution and it was found that

the glass powders ion-exchanged in 0.05 M copper acetate

solution had a good antibacterial effect against S. aureus,

meanwhile no crystalline phase was generated. The biological

activity of the glass was not affected and the antibacterial effect of

copper in bioactive glasses was thus confirmed.

2.4.3 Biologically active glasses loaded with
antibiotics

Because they are often dense (have few or no pores) and

cannot be used as a delivery system for antibiotics, bioactive

glasses made using normal fusion casting techniques are not

suited. Use of a composite delivery system, which consists of a

biodegradable biosubstrate containing antibiotics and bioactive

glass particles scattered throughout it, is one remedy. While the

system is given biological activity by the bioactive glass, the

antibiotic is released as the matrix breaks down. Current research

on degradable biomatrices composed of phosphate cements (Xie

et al., 2009) or organic phases (polymers or hydrogels) (Rahaman

et al., 2014b) has progressed.

In one experiment, phosphate cements containing

vancomycin and composites made of borate bioactive glass

particles were submerged in simulated body fluid (SBF), and

vancomycin was released rapidly in the first 8–10 days (Xie et al.,

2009) and in about 85% of the initial total amount in the first

10 days. Subsequently, the release slows down significantly and

stops after 14 days, when the cumulative release of vancomycin is

90% of the initial amount.

In another study (Rahaman et al., 2014b), teicoplanin-

containing glass particles attached to chitosan in a composite

were submerged in phosphate-buffered saline (PBS). The

antibiotic release was 45–50% of the initial total after 1 day of

immersion and 70–75% of the antibiotic release after 7 days.

Subsequently, the rate of antibiotic release decreases significantly

and stops after about 21 days, at which point the cumulative

release of teicoplanin is 80–85% of the initial amount.

2.5 Hydrogels

A hydrogel is a polymer network consisting of hydrophilic

polymers with high water content. Hydrogels are naturally better

at adhesion, in situ polymerization, and prolonged drug release

when it comes to drug delivery (De Witte et al., 2018). Currently,

in vitro, in preclinical models, and in human trials, hydrogels are

being studied as antibiotic transporters. By adding several

antibiotics in vitro, hydrogels’ capacity to guard against

infection in orthopedic implants was demonstrated (Drago

et al., 2014).

The variety of antibiotics has increased as a result of the use

of hydrogels as drug carriers. Despite the fact that the medication

lowers the lower critical dissolving temperature (LCST) of

thermally sensitive hydrogels (such as HA-pNipam hydrogels)
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due to the Hofmeister effect (Ter Boo et al., 2016), hydrogels

loaded with antibiotics are still injectable and gellable, and their

applicability and payload are not affected. Therefore, there is a

study of incorporating broad-spectrum antimicrobial agents into

hydrogels (Boot et al., 2021) with good efficacy in animal models.

Gentamicin and vancomycin, two of the most effective

antibiotics for treating joint infections, can be given in a

variety of ways, and the release of antibiotics can be tailored

at various rates depending on the carrier system (burst, sustained,

burst and sustained). Vancomycin’s structure may be altered by

direct release because of interactions between its positive charge

and the negatively charged alginate (ALG) chain (Jung et al.,

2019). In research by Li et al. (2017), vancomycin was contained

in a hydrogel membrane made of poly ethylene glycol (PEG),

which was covalently attached to titanium implants. Vancomycin

was found to consistently release in vivo for more than 4 weeks,

without any initial abrupt release, and to have good anti-

microbial activity against S. aureus. In another study,

according to Foster et al. (2021) reported that the HA-

pNipam hydrogel may release the antibiotic combination

(gentamicin and vancomycin) for more than 10 days, and the

ultimate local concentration might be greater than the MIC.

These studies suggest that hydrogels as carriers are capable of

sustained release of antibiotics to achieve effective bacterial

inhibition.

2.6 Protamine

Protamine is a highly polycationic AMP that is generated

from fish sperm and is an arginine-rich protein that has

antibacterial properties (Honda et al., 2020). The principle is

that protamine is positively charged and the bacterial membrane

is negatively charged, and the electrostatic interaction between

the two can drive the expression of protamine bactericidal

activity. Protamine acts as an alkaline molecule that forms

complexes with acidic molecules including DNA, heparin, and

flagellin by interacting with them via ions (Ishihara et al., 2015).

Nanoparticle produced by electrostatic action can act as fixators

or attractants for various cytokines, inhibiting or killing many

microorganisms, including bacteria and fungi. These

nanoparticles/particles have been utilized in biomaterials such

as transporters for cells, proteins, growth factors, and others

(Nemeno et al., 2014). Honda et al. (2020) develop a new bone

tissue engineering material based on hydroxyapatite containing

protamine (protamine/HAp). It was protamine/HAp powders

that have capablity of releasing protamine and inhibiting

bacterial growth in vitro. So it can be seen that in the

biomedical field, protamine is becoming more and more

important in tissue engineering and regenerative medicine and

can be used as an alternative to antibiotics.

In summary, there are promising applications for bioactive

materials in the prevention of pji, and the applications, methods

and advantages and disadvantages of the previously listed

materials are listed in Table 1.

3 Bioactive materials in detection
of PJI

The diagnostic criteria for PJI are still debated and are

commonly used for hematology, joint fluid examination,

imaging, histopathology, and culture and molecular diagnosis

of pathogenic microorganisms (Bistolfi et al., 2019). Serum ESR

(erythrocyte sedimentation rate) and CRP (C-reactive protein)

are reliable predictors among blood tests; however, they are less

specific for infections than serum ESR and CRP. Joint fluid

examination, histopathological examination and culture and

molecular diagnosis of pathogenic microorganisms can cause

new contamination because they are invasive tests. Imaging

examinations are difficult to detect early PJI conditions. So

new strategies have to be found regarding the methods of

diagnosing PJI.

3.1 Hydrogel pH sensors

A water-soluble polymer substance called hydrogel has the

capacity to reversibly alter volume in response to various

environmental conditions (such as changes in pH,

temperature, electric field and light) (Caló and

Khutoryanskiy, 2015). Acrylic polymers, with their

excellent biocompatibility and long lifetime, have a variety

of uses in biosensors and medication administration (Caló

and Khutoryanskiy, 2015).

According to several researches, when compared to normal

synovial joint fluid, the pH of synovial fluid drops from 7.5 under

sterile settings to 6.7–7.0 during infection (Ward and Steigbigel,

1978; Lenski and Scherer, 2015). In addition, pH is associated

with leukocyte counts (Ward and Steigbigel, 1978; Park and Kim,

2013) and lactate (Brook et al., 1978) are closely related. Both of

them can be used to detect artificial joint infections. Based on

these principles, Professor Jeffrey N. Anker’s team designed and

developed an implantable sensor that can measure the pH of

synovial fluid in the joint (Wijayaratna et al., 2021), enabling

early identification and surveillance of hip infections with

standard flat films. The pH-responsive polyacrylic acid

hydrogel used in the sensor will swell at high pH levels and

contract at low pH levels. Plain radiography may assess the

location of the radio-dense tantalum beads in the hydrogel

relative to the radio-dense scale adjacent to the hydrogel and

report the pH in it because high-density tantalum beads and

tungsten wires are inserted in the ends of the hydrogel (Figure 4).

Prior to surgical implantation, the sensor is fastened to the

prosthesis. It uses simple X-rays to offer a painless, non-

invasive, quick, and affordable assessment.
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Anker’s team reports the first implantable sensor to measure

the pH of synovial fluid using a flat sheet. With a pH precision of

0.08 pH units, the sensor responds linearly and is reversible over

a period of 30 min in solutions of bovine synovial fluid with a

pH between 6.5 and 7.5. The technique employs X-rays, which

are already a part of the accepted standard of care in the post-

operative context, and is quick, non-invasive, and accurate. As a

result, the created sensor has the potential to be employed as a

chemical sensor that can detect periprosthetic joint infections

using X-ray imaging (Wijayaratna et al., 2021).

3.2 Fluorescence labelled polymeric
nanoparticles

One of the most often used compounds for in vivo imaging is

fluorescent dye, which has been applied extensively in both

scientific and therapeutic settings (Dunst and Tomancak,

2019). Fluorescent dyes have the ability to exhibit excitation

properties at certain wavelengths and emit light at different

wavelengths (Guo et al., 2014), which can serve as both

qualitative or quantitative diagnostic probes and can be of

great value for the diagnosis of diseased cells and tissues in

vivo based on in vivo imaging (Smith and Gambhir, 2017), with

the advantages of rapid diagnosis, low volume and high

sensitivity, no radiation and low toxicity (Fang et al., 2017).

Conjugated polymers (CPs) are biomolecules with

photoluminescence, light absorption, and electrical

conductivity (Jin et al., 2015). According to its properties, CPs

capable of exhibiting fluorescent properties have recently been

widely used in the focus of bioimaging, especially non-invasive in

vivo imaging (Feng et al., 2010).

Based on the characteristics of fluorescent dyes andCPs, Norouz

Dizaji et al. (2020) reported the following study: They used

maleimide functionalized 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-(maleimide (polyethylene glycol)-2000)

as the main carrier matrix to prepare nanoparticles (NPs) and

selected poly (9,9′-bis(6″-N,N,N-trimethylammonium) hexyl)

fluorene-co-alt-4,7-(2,1,3-benzothiadiazole) dibromide), a CPs

exhibiting fluorescent properties, was chosen as the probe. The

CPs were encapsulated in these NPs using ultrasound, and synthetic

thiolated vancomycin was attached to theNPs. They then conducted

in vivo live tracing studies by a ‘non-invasive live animal fluorescence

imaging technique’ using Maestro EX Fluorescence Imaging System

(CRi, Inc.,Waltham, MA, United States). In their studies, these

unique nanoparticles contain optical and specific targeting agents

that effectively test MRSA bacterial infections through non-invasive

in vivo imaging, meaning that specific targeting agents can be

applied to other targets by altering them. The findings

demonstrate that polymeric nanoparticles labeled with

fluorescence may be used to successfully detect bacterial

infections in vivo.

In the detection of PJI, although the current clinical approach

to PJI is still predominantly invasive, hydrogel pH sensors and

fluorescence labelled polymeric nanoparticles offer new ways of

thinking about non-invasive PJI detection.

FIGURE 4
(A) X-ray pictures of people who have artificial hip joints. (B) A prosthetic hip joint with a synovial pH sensor is shown schematically. (C) Image of
a hip prosthesis with an associated pH sensor. (D) Photograph of a hip prosthesis with a pH sensor attached (Wijayaratna et al., 2021). Copyright 2021,
Advanced Functional Materials.
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4 Bioactive materials in treatment
of PJI

PJIs are often treated by removal of the infected prosthesis,

removal of bone pieces that are necrotic, topical and/or systemic

antibiotics, and joint restoration with a new prosthesis as soon as

the infection is under control (Costa-Pinto et al., 2021). Although

patients with PJI undergo rigorous treatment, at much expense, it

is often difficult to achieve treatment outcomes in uninfected TJA

patients. The resistance of bacterial biofilms to mechanical

debridement and medicines is a significant factor in this

(Levack et al., 2018). Due to their biocompatibility,

biodegradability, and minimal immunogenicity, bioactive

materials have significant research implications in the

treatment of PJI (Costa-Pinto et al., 2021).

4.1 Hydrogel materials loaded with
antimicrobial agents

Hydrogels have the advantage of adhesion and sustained

drug release in terms of drug transport (DeWitte et al., 2018), yet

in terms of substance removal, hydrogels have degradable

properties (such as collagen and hyaluronic acid (Kasugai

et al., 2000)) and will be degraded by the host to be replaced

by the repair tissue, allowing removal of hydrogels without

additional surgery (Johnson et al., 2018). These characteristics

allow hydrogels to be used for antimicrobial delivery under

different complex anatomical conditions (Slaughter et al.,

2009), allowing antimicrobial drugs (mainly antibiotics) to be

used not only for the prevention of PJI, but also for its treatment.

In vivo studies of different antimicrobial agents for the treatment

of PJI on hydrogel-based drug delivery systems have yielded

promising results.

4.1.1 Antibiotics
Hydrogels are excellent carriers of antibiotics, not only for PJI

prophylaxis, but also for the treatment of PJI according to its

infection. As mentioned earlier, hydrogels loaded with antibiotics

have injectable and gelling properties and do not affect their

applicability and payload. In addition to this, studies have also

demonstrated the efficacy of incorporating broad-spectrum

antimicrobial agents into hydrogels in animal models (Foster

et al., 2021) to inhibit bacterial growth.

However, the extensive use of antibiotics has caused a large

number of bacteria to become resistant to their usage (Roca et al.,

2015), which implies a greater use of antimicrobial agents instead

of antibiotics, which has sparked the development of therapeutic

modalities outside from conventional antibiotic treatment.

Currently, for the treatment of PJI, several biologic

antimicrobial drugs, including phage and lysostaphin, are used

in variable degrees in topical administration systems with

hydrogels.

4.1.2 Lysostaphin
Lysostaphin is a metallo-endopeptidase produced by S.

simulans. This bacteriolytic enzyme is characterized by a highly

selective anti-staphylococcal action (Kumar, 2008). The significant

anti-staphylococcal activity of this bacteriolytic enzyme also showed

antibacterial efficacy against strains that were resistant tomedication

(including MRSA, vancomycin-resistant Staphylococcus aureus, and

Staphylococcus epidermidis) (Mohamed et al., 2014). Lysozyme is

able to effectively kill bacteria at lower concentrations (Wu et al.,

2003) and the antimicrobial activity of lysozyme is independent of

the metabolic state of the bacteria, which allows it to also have an

antimicrobial effect against bacteria in biofilms (Patron et al., 1999).

Additionally, human cell osteogenic differentiation is unaffected by

lysostaphin (Johnson et al., 2018). Due to these qualities, lysostaphin

is a potential therapy for PJI brought on by staphylococcal infections.

Johnson et al. (2018) created a low-toxicity, injectable four-arm

PEG macromers functionalized with terminal maleimide groups

(PEG-4MAL) hydrogel by fusing the traits and qualities of

lysostaphin and hydrogel. They found that the addition of

lysozyme had no effect on the hydrogel’s elasticity or adhesive

qualities, and that the hydrogel’s reticular structure could be altered

to regulate the release of lysozyme. They conducted studies in a

mouse model and found that PEG-4MAL hydrogels containing

lysostaphin were able to clear infection and support fracture healing

or defect repair. Thus, it was demonstrated that lysostaphin can be

applied to treat PJI caused by staphylococcal infections.

4.1.3 Phages
Phages, as an invasive bacterial virus, are highly specific and

inhibit most known bacteria (Petrovic Fabijan et al., 2020). Thus, it

has a sustained antibacterial effect and prevents and controls bacterial

biofilm formation (Geredew Kifelew et al., 2019). Wroe et al. (2020)

designed an injectable hydrogel based on PEG-4MAL by wrapping P.

aeruginosa phage in hydrogel and injecting it into the joint infection

site. The phage was able to release in a controlled manner and retain

its bacteriolytic activity. Compared to the phage-free hydrogel group,

the live P. aeruginosa count in the phage-containing hydrogel group

was reduced by 4.7-fold 7 days after implantation at the location of the

infected deficiency in mice. In a clinical trial by Petrovic Fabijan et al.

(2020), a phage-assistedmethod for the treatment of serious S. aureus

infections was reported and evaluated for safety and tolerability. The

results did not report any adverse reactions and found that no phage

resistance developed in vivo. These results demonstrate that the

delivery of phages using hydrogels as carriers can provide a new

therapeutic direction for PJI.

4.2 Targeting nanoparticle-antibiotics
delivery vehicle

The use of traditional antibiotic therapies for PJI still has

problems that cannot be solved; they do not effectively target the

site of bone infection, leading to unsatisfactory treatment outcomes
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(Zhang et al., 2022). Therefore, bone-targeted and bacterial-targeted

therapies have been extensively studied in bone infections.

Peptide D6 is an effective carrier molecule for bone-targeted

drugs in which aspartic acid has a high affinity for bone tissue

(Kasugai et al., 2000). The peptide UBI29-41, which has six

positively charged residues and is the most widely used

bacterial targeting agent, has a strong affinity for S. aureus

due to its greater negative charge (Chen et al., 2015). It has

been demonstrated that UBI29-41 can discriminate between

aseptic loosening and periprosthetic infection (Beiki et al.,

2013). As a result, it is anticipated that UBI29-41 peptide will

be employed for clinical localization of infected lesions. In order

to target S. aureus and regulate the release of vancomycin,

Hussain (Hussain et al., 2018) et al. discovered that silica

nanoparticles modified with cyclic 9-amino acid peptides

could well be utilized. This improved antibacterial activity.

Nie et al. (2022) used a dual bone and bacterial targeting

strategy to create a new mesoporous silica nanoparticle (MSN)

that targets the location of the bone infection based on the

aforementioned concepts. The vancomycin-loaded particles

increased the effectiveness of treating orthopedic implant-

associated infections by precisely delivering the antibiotic to

the location of bone infection. The findings of in vivo and

in vitro tests revealed that the MSNs with dual targeting for

bacteria and bone have outstanding antibacterial capabilities

in vitro. Methicillin-resistant Staphylococcus aureus infection

caused by an orthopedic implant in a rat model was greatly

suppressed by the antibacterial treatment. As a result, the

molecularly modified nanoparticles with dual-targeting for

bacteria and bone can target the bone location of bacterial

infection and allow for the early treatment of PJI.

In the treatment of PJI, the incorporation of broad-spectrum

antibiotics and the use of antimicrobial agents in hydrogels are

directions for research other than surgery, and new efficacious

drugs are yet to be discovered and studied.

5 Summary and outlook

This review provides an overview of the various applications of

bioactive materials for PJI and thus provides insight into the

development of new countermeasures for PJI, one of the most

severe post-orthopedic surgical consequences and a significant

contributor to surgical failure, leading to difficult revision

surgeries and, in extreme cases, amputation and even death.

Only a few microbes are needed for PJI to infect the implant,

which causes a microbial biofilm to develop on the surface.

Traditional treatment methods are complicated and ineffective.

Bioactive materials, as potentially valuable biomaterials, are

excellent in dealing with PJI because of their unique bioactivity.

In comparison with current clinical therapies, bioactive

materials have shown unique advantages in prevention,

detection and treatment. There are modifications of existing

ones, such as bone cements, bio-coatings, and filler materials,

as well as new hydrogel materials, antimicrobial agents, and

various antibiotic-loaded nanoparticles, which, in several in vivo

and in vitro investigations, have produced encouraging

outcomes. And in the post-antibiotic era, some non-antibiotic

antimicrobial therapies are of particular importance. Some

bioactive materials (e.g., Silver, Copper, Nitric oxide, Gallium,

Protamine, Lysostaphin, etc.) have potential scope for the

prevention and treatment of PJI.

Overall, compared to current therapeutic methods to PJI, the

accessible bioactive materials have shown greater capacity to

prevent, diagnose, and treat PJI. There are still significant

difficulties with clinical applications, though. First, the use of

most bioactive materials still requires loading with antibiotics,

which can lead to resistance in some bacteria. Second, the proper

functioning of joint prostheses requires high loading intensities,

and the mechanical properties of some bioactive materials need to

be considered when applied to joint prostheses. Third,

Staphylococcus epidermidis, Staphylococcus aureus, and

Pseudomonas aeruginosa are the most prevalent pathogenic

microorganisms for PJI. The antibiotics and antimicrobial

agents used in most materials only target common strains of

bacteria, and there has been less research on some of the less

common pathogenic bacteria. Fourth, to date, only a small number

of bioactive materials have been successfully used in clinical

settings. More research is needed to develop bioactive materials

that can be applied to PJI.

Due to the complicated milieu of PJI, removal of biofilm from

the infection site continues to be a significant issue. A better

cognition of the mechanisms of PJI, using various properties of

bioactive materials, together with the antibacterial effect of

antibiotics or antimicrobials, will help to develop and

formulate better therapeutic strategies.
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