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A B S T R A C T   

Bone defects caused by trauma, tumor, congenital abnormality and osteoarthritis, etc. have been substantially 
impacted the lives and health of human. Artificial bone implants, like bioceramic-based scaffolds, provide sig-
nificant benefits over biological counterparts and are critical for bone repair and regeneration. However, it is 
highly probable that bacterial infections occur in the surgical procedures or on bioceramic-based scaffolds. 
Therefore, it is of great significance to obtain bioceramic-based scaffolds with integrative antibacterial and 
osteogenic functions for treating bone implant-associated infection and promoting bone repair. To fight against 
infection problems, bioceramic-based scaffolds with various antibacterial strategies are developed for bone 
repair and regeneration and also have made great progresses. This review summarizes recent progresses in 
bioceramic-based scaffolds with antibacterial function, which include drug-induced, ion-mediated, physical- 
activated and their combined antibacterial strategies according to specific antibacterial mechanism. Finally, 
the challenges and opportunities of antibacterial bioceramic-based scaffolds are discussed.   

1. Introduction 

Bone defects caused by trauma, tumor, congenital abnormality and 
osteoarthritis have significantly obstructed patients’ quality of life. 
Although autologous, allogeneic and xenogeneic bone grafts have been 
generally accepted to be applied for bone repair, biological implants still 
possibly suffer from problems with lacking bone sources, carrying 
pathogens and/or inducing immune rejection [1]. Owing to outstanding 
biocompatibility, osteoconductivity and osteoinductivity, a variety of 
bioceramics have been widely applied in bone defects repair and bone 
tissue regeneration, such as HA (Ca10(PO4)6OH2), β-TCP (Ca3(PO4)2), 
akermanite (Ca2MgSi2O7), and 45S5 (24.5Na2O-24.5-
CaO–45SiO2–6P2O5), etc [2–6]. Generally, three dimensional (3D) 
porous scaffolds play a key role in bone defect repair and bone tissue 
engineering. They can provide mechanical support to resist external 

stress, maintain the original shape and integrity of tissues, connect with 
the surrounding tissues and guide the tissue to grow [7–9]. The porous 
structure facilitates cell migration and growth as well as the trans-
portation of nutrients and metabolites, stimulating bone integration and 
revascularization [8,10–12]. On the other hand, some scaffolds can also 
release bioactive ions, thereby promoting physiological behavior of cells 
and serving the purpose of treatment [7,10,12]. Hence, 3D porous 
scaffolds are one of the key elements in bone tissue engineering. In 
response to the characteristics and technical requirements of bio-
ceramics, a series of technologies have been applied for fabricating 
bioceramic-based scaffolds, such as templating method, freeze drying, 
foaming method, electrospinning and 3D printing [7,10,12,13]. 

Despite their superior osteoinductivity, osteoconductivity, biode-
gradability and biocompatibility, bioceramic-based scaffolds are still 
confronted with some serious problems in clinical applications, 
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especially bone implant-associated infection. Additionally, clinical 
studies have also demonstrated that it is extremely easy to generate 
pathogenic bacterial infections during orthopedic surgery or caused by 
infected implants, resulting in the second surgical trauma of patients 
[14,15]. Without the integration with antibacterial strategies, 
bioceramic-based scaffolds can hardly possess antibacterial properties, 
and thus must rely on extraneous antibacterial strategies to fight against 
bone implant-associated infection. Antibiotics are by far the most 
effective antibacterial strategy commonly used to treat bone 
implant-associated infection, but systemic administration is often 
employed to achieve the antibacterial effects in clinic. The primary 
challenges in treating orthopedic infections are the bacterial coloniza-
tion and biofilm formation on implants, which makes it difficult for 
drugs and body immunity to work; and bacteria spreading along im-
plants invade the surrounding tissues, causing bone regeneration to be 
delayed. Also, drug resistance induced by the overuse of antibiotics may 
lead to more serious infections [14–17]. Because systemic administra-
tion may result in serious side effects and bacterial drug resistance, it is 
vital to employing a local antibacterial strategy by integrating a 
potentially antibacterial function into the bioceramic-based scaffolds for 
eliminating the risk of postoperative infection [16,17]. For example, 
MBG with porous characteristics as a carrier achieved the sustained 
antibacterial drug release from the grafts [18]. The antibacterial sub-
stance was modified on the surface of the scaffolds by simple immersion 
to form an antibacterial coating [19]. Moreover, to achieve antibacterial 
aims, tricalcium phosphate scaffolds doped with metal ions of silver or 
zinc were prepared for long-term release of antibacterial ions [20,21]. 
Besides, forsterite scaffolds with photothermal antibacterial properties 
were fabricated by combining 3D printing and polymer-derived ce-
ramics method [22]. Therefore, the doping and release of ions, the 

loading and release of drugs, the physical effects induced by light, heat 
and sound, as well as the synergistic effects of these strategies can all 
achieve an antibacterial goal [18–25]. Additionally, the efficient utili-
zation of existing antibacterial strategies and development of novel 
antibacterial agents is particularly vital to fighting resistant bacteria as 
well [26]. 

Through the implementation of these strategies, bioceramic-based 
scaffolds can realize the inhibition and killing effect on bacteria. How-
ever, the key to scaffold design is to introduce antibacterial functions 
without reducing the biocompatibility and bone formation ability. 
Hence, the releasing concentration of ions and drugs, the effects of 
physical strategy and combined strategy, as well as the long-term con-
sequences of these antibacterial strategies should be considered. For 
example, the authors of ref. [27] demonstrated that the long-term drug 
release ability and bioactivity of the scaffolds could be improved 
through appropriate design of the scaffolds and the reasonable loading 
mode of drugs. The combination of biocompatibility, osteogenic ability 
and antibacterial property of the scaffolds can be achieved by the proper 
scaffold design, selection of suitable physical strategies and optimization 
of process parameters [22,28]. Due to the synergistic effect of a 
well-combined strategy, bioceramic-based scaffolds can possess superior 
angiogenesis, osteogenesis, and antibacterial activity [29,30]. Thus, 
appropriate scaffold design strategies and antibacterial agent selections 
can endow bioceramic-based scaffolds with dual functions of fighting 
bone implant-associated infection and promoting bone repair. 

Interestingly, the bioceramic-based scaffolds themselves or after 
appropriate functionalization endow them with antibacterial function 
based on different mechanisms to fight bone implant-associated infec-
tion and promote bone repair. Therefore, this review summarizes the 
developments and achievements of bioceramic-based scaffolds with 

Fig. 1. Antibacterial strategies of bioceramic-based scaffolds based on various antibacterial mechanisms [31–38].  
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different antibacterial strategies for treating bone implant-associated 
infection and bone defects, including bioceramic-based scaffolds with 
drug-induced, ion-mediated, physical-activated and combined antibac-
terial strategies (Fig. 1). In detail, the preparation, antibacterial mech-
anism, antibacterial property and osteogenesis effect of each type of 
bioceramic-based scaffolds are introduced. Finally, a summary of cur-
rent antibacterial strategies for bioceramic-based scaffolds is provided, 
as well as future outlooks. The functionalization of bioceramic-based 
scaffolds is extremely significant for bone repair and regeneration, 
among which antibacterial property is undoubtedly indispensable to 
solve the problem of bone implant-associated infection. It is expected 
that such bioceramic-based scaffolds with antibacterial and osteogenetic 
functions will be widely used in clinical applications. 

2. Bioceramic-based scaffolds with drug-induced antibacterial 
function 

Currently, a most commonly used way to fight against bone implant- 
associated infection is drug therapy [14–17]. However, owing to general 
toxicity, pathogenic bacteria resistance, visceral complications and 
other serious side effects, systemic administration of antibacterial drugs 
or untargeted drug delivery is not the optimal strategy. To achieve local 
and targeted therapeutic effects in a real sense, antibiotics or drugs can 
be introduced into bionic bone scaffolds, with the bioceramic materials 
and the scaffold structural characteristics being possible for controlling 
their release [16,17]. For the combination of drug and scaffold, a lot of 
issues, such as the physical and chemical properties, the encapsulation 
and delivery efficiencies of drugs, and the preparation, material 
composition and scaffold structure, are necessary to be considered 
[16–18]. This efficient and less harmful antibacterial strategy focuses on 
successfully matching antibacterial delivery system to the 3D structure 
of the scaffolds, whereas the loading and releasing of drugs are the keys 
to achieving the antibacterial effects of bioceramic-based scaffolds. 
Some typical scaffolds with antibacterial function induced by drugs are 
summarized in Table 1. 

Tetracycline antibiotics, which have broad-spectrum antibacterial 
property, low toxicity and high efficiency, have been widely used to 
functionalize bioceramic scaffolds for applications in orthopedics. For 
instance, doxycycline-loaded Mg–Ca–TiO2 scaffolds with excellent drug 
release capacity, cytocompatibility, bioactivity and antibacterial activ-
ity, were prepared by using a space holder method [39]. The doxycy-
cline release rate from the scaffolds could be adjusted by altering the 
loaded doxycycline concentrations and the pore characteristics of 

Mg–Ca–TiO2 scaffolds. The existence of an inhibition zone around the 
scaffold confirmed their inhibition abilities against S. aureus and E. coli 
bacteria. It demonstrated that appropriate structural design endowed 
the scaffolds with better drug loading capacity. Furthermore, bio-
polymer/bioceramic composite scaffolds can be used to regulate drug 
release as well [32,40]. For example, the authors of the study [32] 
fabricated a cell-laden bioink and doxycycline-loaded PCL/MBG scaffold 
by 3D printing with a double nozzle (Fig. 2). Doxycycline was loaded 
into the mesoporous channels of MBG and then mixed with molten PCL, 
which allowed sustained release of the antibiotic from the scaffolds. 
Doxycycline release profile revealed a burst release of ~150 μg within 1 
day, followed by a slow cumulative release to reach ~400 μg at day 7 
and ~600 μg at day 21, respectively (Fig. 2 B (b1)). The preliminary 
results demonstrated that doxycycline significantly stimulated BMP-2 
expression at a dose of 1000 ng/mL. In vitro and in vivo results also 
confirmed that the cell-laden scaffolds with doxycycline loading 
significantly inhibited bacterial adhesion and enhanced broad-spectrum 
antibacterial activity (Fig. 2 B (b2)), and promoted osteoblast differen-
tiation. Therefore, such bioprinted scaffolds, with the ability to induce 
bone regeneration and inhibit bacterial infection, have shown a high 
promise for repairing infectious bone defects. Moreover, β-lactams an-
tibiotics are widely used and effective drugs for the treatment of bone 
implant-associated infection owing to their high safety window with 
relatively few side effects. For example, 3D porous agarose/nano 
hydroxycarbonateapatite scaffolds containing VEGF and cephalexin, 
were fabricated by the combination of templating and freeze-drying 
methods [42]. The simultaneous release of both molecules promoted 
angiogenesis in chicken embryos, and also produced a local cephalexin 
concentration capable of suppressing S. aureus growth. Therefore, a 
better controlled-release effect of antibacterial drugs can be achieved by 
the combination of scaffold preparation methods and sustained release 
strategies of antibiotics, which makes bioceramic-based scaffolds 
possess dual functions of treating bone implant-associated infection and 
promoting bone repair. 

Quinolones drugs represented by levofloxacin and ciprofloxacin are 
also widely used in the treatment of bone implant-associated infection 
due to their ability to penetrate into trabecular and cortical bone and 
thus minimize the risk of resistance selection [45,46]. For example, a 
novel polyurethane/mesoporous silica/nano-hydroxyapatite scaffold 
containing levofloxacin was developed by a foaming method [45]. The 
sustained release behavior of levofloxacin was significantly increased by 
encapsulating it in mesoporous silica nanoparticles. In vitro results 
demonstrated that this scaffold could improve antibacterial activity by 

Table 1 
Some typical bioceramic-based scaffolds loaded with different drugs for bone implant-associated infection.  

Drug categories Scaffolds (e.g.) Drugs loaded in 
scaffolds 

Antibacterial mechanisms Bacterial species Ref. 

Tetracyclines PCL/MBG Doxycycline Inhibiting synthesis of protein S. aureus, E. coil, S. epidermidis, 
P. aeruginosa, 

[32,39] 

Gelatin/HA Tetracycline S. aureus [40] 
β-lactams CS/calcium phosphate cements; Penicillin Inhibiting synthesis of cell walls S. aureus [41] 

Agarose/nano 
hydroxycarbonateapatite 

Cephalexin [42] 

Aminoglycosides TiO2 scaffold; 
Poly (glycidyl methacrylate)/ 
hydroxyapatite 

Gentamicin Inhibiting synthesis of protein S. aureus, S. epidermidis, E. coli [25,43,44] 

Quinolones Polyurethane/silica/nano- 
hydroxyapatite 

Levofloxacin Inhibiting synthesis or function of 
nucleic acid 

S. aureus, E. coli [45] 

Monticellite Ciprofloxacin [46] 
Glycopeptides Baghdadite (Ca3ZrSi2O9) Vancomycin Inhibiting synthesis of cell wall S. aureus [27,33, 

47–52] 
Other drugs Alginate/HA Chlorhexidine Breaking osmotic barrier of cell 

membranes 
S. aureus, E. coli, [53,54] 

Alginate/calcium phosphate Berberine Reducing the number of bacteria 
fimbria 

S. aureus, E. coli, [55] 

HA/calcium sulphate Rifampicin Inhibiting synthesis or function of 
nucleic acid 

S. aureus [56]  
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inhibiting bacterial adhesion and colonies, and possess favorable 
biocompatibility and osteoinduction by promoting proliferation and 
differentiation of BMSCs. Furthermore, the authors of another work [46] 
prepared a new multifunctional monticellite-ciprofloxacin scaffold by a 
space holder method with NaCl. Interconnected pores with a size range 
of 300–420 μm are vital to loading ciprofloxacin as well as allowing 
bone growth and vascularization. Antibacterial tests indicated that the 
antibacterial effects of scaffolds were strongly related to the ciproflox-
acin concentration, with the scaffold containing 6% ciprofloxacin 
exhibiting the highest bacterial inhibition. Furthermore, the mon-
ticellite scaffold loaded with 3% ciprofloxacin resulted in greater cell 
attachment, cell proliferation and cell viability than for the scaffolds 
containing 6% ciprofloxacin. The balance of compressive strength, 
bioactivity, antibacterial performance and biocompatibility can be ac-
quired by regulating the proper loading ratio of ciprofloxacin in scaffold 
to fight against bone implant-associated infection. Obviously, loading 
quinolones on bioceramic-based scaffolds by appropriate means could 
achieve better drug sustained release, antibacterial activity and osteo-
genesis ability. 

Possessing an obvious effect on gram-negative bacteria, amino-
glycoside antibiotics represented by gentamicin have also been widely 
utilized to treat bone implant-associated infection. It was an excellent 
strategy that the polymers loaded with antibacterial drugs were coated 
on bioceramic scaffolds [25,43]. For example, TiO2 scaffolds fabricated 
by a polymer sponge replication method were coated with 
gentamicin-loaded PLGA microparticles, and the pattern of ‘burst 
release with following sustained release’ was sought to avoid periop-
erative bone implant-associated infection [43]. In vitro tests verified the 
antibacterial activity of the released gentamicin from the scaffold 
against Staphylococcus spp. as well as the cytocompatibility of scaffolds 
with osteoblast-like cells. Most release principles of antibiotics loaded 
on scaffolds are based on their concentration gradient diffusion; how-
ever, the fatal problem with this mode is that the drugs show a rapidly 
declining tendency and eventually limit the antibacterial effects. 
Therefore, if the scaffolds have smart drug release behavior according to 
the environmental changes, the utilization efficiency and release time of 
drugs will be greatly improved. Given this, the researchers of ref. [44] 
designed a novel self-adaptive antibacterial porous poly (glycidyl 

methacrylate)/hydroxyapatite/gentamicin implant with long-term re-
sponses for therapy of infected bone defects, in which the release of 
gentamicin could be triggered by the acidic environment created by the 
metabolism of bacteria. The cumulative release ratio reached 35% and 
virtually 0% at day 7 under pH = 5.0 and 7.4 respectively, demon-
strating that gentamicin was gradually released from the implant under 
weakly acidic conditions, and hardly released under neutral conditions. 
The highly effective in vivo antibacterial therapy with the implant was 
evaluated in one infected bone defect rabbit model. Because of the high 
drug loading capacity, responsiveness to acidic environments, and 
chemical stability of scaffolds in neutral conditions, a long-term anti-
bacterial effect was readily acquired. This design strategy of sustainable 
self-adaptive antibacterial implants provides a promising concept for the 
prevention and therapy of bone implant-associated infections. 

Glycopeptides drugs, such as vancomycin, are narrow-spectrum an-
tibiotics that are exclusively effective against gram-positive bacteria, 
particularly sensitive to resistant S. aureus. Vancomycin, as an antibac-
terial agent loaded in scaffolds, has been widely used in bone implant- 
associated infections [47,48]. For instance, the authors of study [47] 
prepared vancomycin-loaded baghdadite (Ca3ZrSi2O9) scaffolds with a 
pore size of 300–400 μm and a total porosity of 80–82% by a space 
holder method. Such porous structure made the drug release behavior of 
the scaffolds follow a burst release during the first 12 h and a sustained 
release afterwards, as well as exhibited a concentration-dependent 
tendency, i.e., the higher the concentration, the faster the release. 
Combined antibacterial evaluation with the preliminary biocompati-
bility, the vancomycin-loaded (3 wt%) scaffold was a highly prospective 
candidate for preventing post-surgery infections, as well as for bone 
tissue engineering. On the other hand, more studies are being focused on 
bioceramic-based composite scaffolds that combine bioceramics and 
polymers as drug carriers [27,33,49–52]. For example, Gelatin/biphasic 
calcium phosphate/45S5 glass composite scaffolds with vancomycin 
and BMP-2 loading could be applied for treating bone 
implant-associated infection and promoting bone regeneration [33]. 
Another kind of vancomycin-loaded PLGA/MBG composite scaffolds 
was manufactured by a freeze-drying method [52]. In this work, the 
vancomycin encapsulated in the mesoporous channels of MBG was 
rapidly released from the PLGA/MBG scaffolds within the first 3 days, 

Fig. 2. Doxycycline (DOX)-loaded bioceramic-based 
scaffolds with antibacterial property. (A) Schematic 
diagram of 3D-bioprinted scaffold for promoting bone 
repair and inhibiting bone implant-associated infec-
tion. (a1) fabrication of 3D bioprinting scaffolds and 
(a2) mechanisms of antibacterial property and BMP2 
controlled release ability of scaffolds. (B) Doxycycline 
release and in vitro antibacterial effects. (b1) doxy-
cycline release curve within 21 days and (b2) broad- 
spectrum antibacterial effects of scaffolds with doxy-
cycline (reprinted with permission from ref. [32]).   
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followed by a slower and more moderate release profile. In vitro results 
revealed that loading vancomycin onto the PLGA/MBG scaffolds could 
inhibit biofilm formation, enhance antibacterial effect and ultimately 
improve cytocompatibility and osteoblastic differentiation compared 
with pure PLGA scaffolds. Undoubtedly, such novel inorganic-organic 
composite scaffolds are considered as potential materials for the treat-
ment of infected bone defects. 

In addition, many other antibacterial drugs, such as chlorhexidine, 
berberine and rifampicin, have also been used to load onto bioceramic- 
based scaffolds for bone implant-associated infection. As a common 
antibacterial agent, chlorhexidine has a broad-spectrum bactericidal 
effect and low drug resistance. Loading chlorhexidine into bioceramic- 
based composite scaffolds gave the scaffolds strong antibacterial prop-
erties, indicating the potential for biomedical applications, particularly 
controlled drug delivery in dentistry [53,54]. Berberine, an alkaloid 
component extracted from botanicals, has been long used as a 
heat-clearing, detoxifying and antibacterial drug. For instance, the re-
searchers of ref. [55] loaded berberine into an alginate/calcium phos-
phate composite scaffold prepared by 3D printing for fighting bacterial 
infection during bone repair (Fig. 3). As shown in Fig. 3 (A), the prep-
aration procedures involved combining calcium phosphate powders, 
berberine and sodium alginate to modulate the printing inks, and then 
fabricating the porous scaffolds by direct extrusion 3D printing and 
cross-linked method in situ. According to the release profile, berberine 
was rapidly released from the scaffold in the early stages, followed by a 
gradual transition to stable release (Fig. 3 B (b1)). In vitro biological 
tests showed that berberine-loaded scaffolds possessed outstanding 
antibacterial property (Fig. 3 B (b2)) and promoted the adhesion and 
proliferation of MC3T3 cells. Therefore, 3D printed calcium phosphate 

scaffolds possess the controlled-release capacity of berberine, excellent 
antibacterial property, and is a promising biomaterial for jaw repair. 
Rifampicin, a first line antituberculosis drug, has been shown to have a 
potent bactericidal effect on S. aureus by eradicating both adherent and 
stationery-phase staphylococci. For example, the researchers of ref. [56] 
designed a nanohydroxyapatite-based scaffold adopted as the drug 
carrier to treat bone implant-associated infection by local and sustained 
delivery of rifampicin. Based on in vivo and in vitro antibacterial and 
osteogenetic experiments, this work demonstrated that the 
nanohydroxyapatite-based bioceramic scaffolds, as a carrier of rifam-
picin, could eliminate bacterial infection while simultaneously pro-
moting bone repair and regeneration. 

Consequently, a variety of studies proposed a local delivery strategy 
for antibacterial drugs based on the loading of antibiotics into 
bioceramic-based scaffolds, which could inhibit the adhesion and 
massive proliferation of bacteria, as well as improve the osteogenesis 
property. Although antibiotics remain the most effective antibacterial 
strategy by far, the problem of bacterial drug resistance is already 
imminent. With the exception of the intrinsic resistance, drug resistance 
is primarily acquired from the usage of drugs, particularly drug abuse. 
Therefore, avoiding drug abuse and increasing utilization efficiency may 
contribute to reducing the incidence of drug resistance while simulta-
neously increasing antibacterial capacity. The discussion in this section 
demonstrated how the controlled release property and utilization effi-
ciency of drugs could be improved by the design and manufacture of 
bioceramic-based scaffolds and the ingenious loading of drugs on the 
scaffolds. In addition, they could be improved by developing smart 
responsive scaffold materials that could respond to the infected micro-
environment and release minute amounts of drugs directly into the 

Fig. 3. 3D printed scaffolds loaded with berberine for bone implant-associated infection and bone repair. (A) Schematic diagram of the scaffold fabrication process; 
(B) Berberine release profile and statistical analysis of antibacterial results. (b1) release curves of berberine from scaffolds, (b2) the effects different scaffolds on 
statistical diameter of the bacteriostatic zones (reprinted with permission from ref. [55]). 
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infected area to kill bacteria. The development and application of novel 
antibacterial agents may also be critical for reducing drug resistance and 
increasing antibacterial effect. 

3. Bioceramic-based scaffolds with ion-mediated antibacterial 
functions 

While modifications to bioceramic-based scaffolds are required to 
increase their capacity for infection treatment, the degradation prop-
erties of bioceramics doped with antibacterial ions enable them to 
function adequately against bacteria on their own; the key is the doping 
of functional ions and the control of degradation behavior. For example, 
the degradation behaviors of most bioceramic-based scaffolds may 
induce the release of ions into the surrounding microenvironment, 
which could result in the increase of pH and is detrimental to the growth 
of acidophilic bacteria [23]. Although the ions released from the scaf-
folds can raise the pH and theoretically inhibit bacterial growth by 
regulating the microenvironment, bacteria cannot be effectively killed, 
especially in the case of bacterial biofilm formation. So far, few bio-
ceramic scaffolds are actually demonstrated to have significant anti-
bacterial activities. Therefore, it is necessary to introduce functional 
elements into the scaffolds for killing bacteria, such as Ag+, Zn2+, Cu2+

and La3+, etc. (Table 2). These elements can be doped, incorporated, or 
coated into bioceramic-based scaffolds in the form of oxide, ions, or 
micro-nano particles. 

Bioglass (BG) with inherent antibacterial properties, as one type of 
perfect bioceramics, not only has exceptional osteoinductive potential, 
but also possesses distinct antibacterial behaviors [14,57]. For example, 
the authors of study [60] confirmed the outstanding antibacterial 
properties of the SiO2–CaO–Na2O–P2O5 glass scaffolds according to 
systematic in vitro evaluations. New bioglass scaffolds composed of 
SiO2–P2O5–CaO–Na2O–SrO–F or SiO2–Na2O–Al2O3–CaO–B2O3 were 
also demonstrated to have good antibacterial properties [58,59]. In 
addition, due to its excellent antibacterial property, high osteogenetic 
activity and mechanical strength, forsterite (Mg2SiO4) scaffold has 
become one of the ideal materials in bone repair [61,62]. The possible 
antibacterial mechanism was that alkaline ions released from these 
scaffolds increased the solution pH and osmotic pressure, resulting in 
cell membrane depolarization and bacterial mortality [58–62]. 
Although certain bioceramics have inherent antibacterial capabilities, 
future research is hampered by their limited antibacterial properties. 
Given this, particular antibacterial metal agents, such as elemental 
substances, oxides, and ions, must be introduced into the scaffolds [69, 
89]. The requirements lie in the fact that these excellent dopants are 
biocompatible for normal cells, lethal to drug-resistant bacteria and do 

not interfere with the effective osteogenesis of scaffolds [90]. 
Silver (Ag) is the most well-known antibacterial agent used in 

different bioceramic-based scaffolds. Nevertheless, its antibacterial ac-
tions should consider to avoid adverse effect on the osteogenesis, 
biocompatibility, or bioactivity [91,92]. With its significant antibacte-
rial ability, Ag could be introduced into different biocereamic-based 
scaffolds using various procedures such as coating, doping, and mix-
ing, in diverse forms including ions, particles, and oxides [19,35,63–74]. 
Among these, the sponge replication method was applied for preparing 
Ag-containing antibacterial glass-ceramic scaffolds with good HA 
mineralization, osteogenesis, and antibacterial property [72]. In addi-
tion, the reduction synthesis method of silver nanoparticles can be used 
to construct antibacterial coatings on bioceramic-based scaffolds as well. 
The researchers of another work [19], for example, modified the 3D 
printed β-TCP scaffolds with Ag@rGO coating to treat bone 
implant-associated infection and promote bone repair. Silver-modified 
scaffolds had strong antibacterial effect at a low concentration (3.5 
mg/mL) without reducing the cell viability. The in vitro antibacterial 
results demonstrated that the scaffolds with Ag@rGO nanocomposites 
presented excellent antibacterial activity. Furthermore, the scaffolds 
coated with Ag@rGO nanocomposites significantly accelerated the 
osteogenic differentiation of rabbit bone marrow stromal cells by 
improving their ALP activity and bone–related gene expression (OCN, 
Runx-2, OPN and BSP). It reveals that bifunctional scaffolds with anti-
bacterial activity and osteogenesis ability are favorable to the restora-
tion of large-bone defects while treating infections. 

Znic (Zn), which has good osteogenesis, vascularization, and anti-
bacterial property, is primarily derived from metal zinc, zinc salt com-
pounds and zinc oxide, where controlled release of zinc ions is important 
for bioceramic-based scaffolds [75–79]. For example, the 
PCL/SiO2–CaO–P2O5–ZnO MBG scaffold was prepared by using the 
sol-gel method and 3D printing, and the mesoporous structure of MBG 
induced its good degradability, bioactivity and antibacterial properties 
[77]. The released Zn2+ amount was higher than the reported average 
Zn2+ ion concentration in human plasma (0.95–1.30 ppm), but lower 
than the in vitro toxic levels (5.9–6.1 ppm), showing antibacterial ac-
tivity against S. aureus. It was demonstrated that Zn2+ released from the 
scaffolds could penetrate the cell walls and caused the cell contents to 
flow out, deactivate nucleic acids and enzymes, and activate ROS to kill 
bacteria [80,81]. Obviously, the scaffolds would be a viable choice for 
bone regeneration applications due to its bioactivity and antibacterial 
property. Furthermore, the researchers of another work [78] fabricated 
one kind of yttrium oxide-stabilized zirconium oxide (3Y–ZrO2) scaf-
folds using 3D printing and coated them with nanoscale zinc oxide. It 
was proven by in vitro and in vivo evaluations that the as-prepared hip 

Table 2 
Ions released from bioceramic-based scaffolds for treating bone implant-associated infection.  

Categories Scaffolds (e.g.) Released ions Antibacterial mechanisms Bacteria used for 
antibacterial assays 

Ref. 

Alkali and 
alkaline earth 
ions 

CaO–P2O5–SiO2–RbO MBG scaffold; 
Forsterite scaffold 

Ca2+, Na+, 
Mg2+, Rb+

Inducing the increase of solution pH and osmotic 
pressure 

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

[30, 
57–62] 

Heavy metal 
ions 

Ag@rGO modified β-TCP scaffold Ag+ Inducing ROS; Breaking bacterial cell membranes S. aureus, E.coli, Bacillus 
subtills 

[19,35, 
63–74] 

PCL/SiO2–CaO–P2O5–ZnO MBG scaffold Zn2+ Destabilizing membrane and enhancing 
permeability; Deactivating nucleic acids and 
enzymes; Killing bacterial by inducing ROS 

E. coli, S. aureus [75–81] 

SiO2–CaO–P2O5–CuO MBG scaffold Cu2+ Disrupting bacterial cell wall; Inhibiting DNA 
replication; Inducing ROS to inhibit bacterial growth 

E. coli, S. aureus [82–85] 

Other ions Na2O–CaO–P2O5–La2O3 BG scaffold La3+ Causing leakage of cell contents; Inactivating genetic 
materials, enzymes and proteins; Bacterial apoptosis 

S. aureus, E. coli [86] 

ZrO2 modified Chitosan/poly (ethylene 
glycol)/nano-hydroxyapatite scaffold 

Zr4+ Interacting with sulphur-containing proteins and 
DNA; Attacking respiratory chain; Inhibiting cell 
division and causing death 

E. coli, B. ereus, L. 
fusiformis 

[87] 

KI-loaded bilayer scaffold I− Damaging cell membrane by reacting with 
respiratory chain-associated enzymes and membrane 
proteins 

S. aureus, E. coli [88]  
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prosthesis could exactly match the corresponding parts, as well as 
exhibit high biocompatibility and outstanding antibacterial activity. 
Therefore, the introduction of Zn into bioceramic-based scaffolds 
endowed them with dual antibacterial and osteogenesis functions, 
showing a great clinical potential. 

Copper (Cu) is a commonly utilized therapeutic agent with 
outstanding angiogenic and antibacterial activities, particularly against 
gram-positive and gram-negative bacteria. Nevertheless, excessive 
concentrations can cause cytotoxicity and even the apoptosis of normal 
cells [82–85,93]. Therefore, it is very critical to control the sustained 
release of Cu2+ by ingenious designs and effective methods. To achieve 
such goal, the authors of ref. [82] prepared an active antibacterial 
coating on the alginate/BG scaffolds by cross-linking copper ions with 
alginate, which provided the scaffolds with outstanding antibacterial 
property and biocompatibility. Another copper source was copper oxide, 
which was introduced into scaffolds as antibacterial dopants for bio-
ceramic scaffolds. For example, the authors of ref. [93] designed one 
type of copper-containing MBG scaffolds with multifunctional ibuprofen 
delivery capacity, bioactivity, angiogenesis, osteogenesis and antibac-
terial activity, and the mesoporous structure significantly improved 
these performances (Fig. 4). To be specific, SiO2–CaO–P2O5–CuO scaf-
folds and their ionic extracts could stimulate HIF-1α and VEGF expres-
sion in human bone marrow stromal cells (Fig. 4 (B)) and significantly 
promote the osteogenic differentiation of hBMSCs by improving 
bone-related gene expression of ALP, OPN and OCN (Fig. 4 (D)). On the 
other hand, the Cu-containing MBG scaffolds significantly inhibited 
bacterial viability owing to a sustained release of Cu2+ from the scaffolds 
(Fig. 4 (C)). The antibacterial mechanism might be that the Cu2+

released from the scaffolds could disrupt bacterial cell walls, thereby 
inhibiting bacterial DNA replication and inducing ROS to kill bacteria 
[82–85,93]. Thus, it was possible to achieve the ideal angiogenesis, 
osteogenesis, and antibacterial effects by properly incorporating Cu into 
MBG scaffolds and managing the release concentration of Cu2+. As a 
consequence, appropriate strategies for controlling the degradation 
performance of bioceramic-based scaffolds is critical for establishing 

controlled release of Cu2+ and achieving biological and antibacterial 
properties. 

Interestingly, there are additional critical elements that may be 
employed to treat bone implant-associated infection and promote bone 
repair. For example, the researchers of work [86] investigated the bio-
logical activity and antibacterial mechanism of lanthanum (La)-doped 
phosphate-based BG scaffolds. It demonstrated that the La3+ could 
successfully replace Ca2+ to penetrate into the bacterial cells, resulting 
in the leakage of cell contents, the inactivation of genetic materials, 
enzymes and proteins, and finally the apoptosis of bacteria. In addition, 
zirconia nanoparticles could be selected as a reinforcement and anti-
bacterial agent of nanoscale HA to construct a composite scaffold with 
significant antibacterial activity [87]. The findings indicated that the 
zirconia nanoparticles may interact with phosphorus-containing com-
pounds in bacterial cell membranes, such as sulphur-containing proteins 
and DNA, before entering the cell and attacking the respiratory chain, 
ultimately killing the bacteria. Additionally, another study reported a 
multifunctional bilayer scaffold with antibacterial activity for wounds 
that are infected or chronic [88]. The potent antibacterial activity of 
nanofibrous sheet may be attributed to the role of iodine in destroying 
the cell membranes through reactions with respiratory chain-associated 
enzymes and membrane proteins. 

As demonstrated in the preceding investigations, the ion-mediated 
antibacterial strategy can provide a long-term release of ions and an 
optimum antibacterial effect by carefully selecting and optimizing ma-
terials and processes. Through numerous examples in this section, it was 
discovered that there was an optimal concentration range of ion release 
for ion-mediated antibacterial scaffolds, with the biocompatibility being 
adversely affected beyond a certain point. However, the release 
behavior of bioceramic-based scaffolds can be a sudden tendency, 
especially for bioactive materials, so the concentration range of ions 
released should be strictly managed in considering ion-mediated anti-
bacterial methods. Because the majority of antibacterial ions used in ion- 
mediated strategies are heavy metal elements, the biocompatibility of 
the ions requires additional considerations and attentions. On the other 

Fig. 4. SiO2–CaO–P2O5–CuO MBG scaffolds with 
angiogenesis, osteogenesis and antibacterial activity. 
(A) SEM images of the MBG scaffolds. (a1, a2) 0Cu- 
MBG, (a3, a4) 1Cu-MBG, (a5, a6) 2Cu-MBG, and 
(a7, a8) 5Cu-MBG. (B) Angiogenesis capacity of the 
scaffolds. (b1) VEGF secretion by ELISA, (b2) HIF-1a, 
VEGF and Tubulin expression by western blotting, 
(b3) HIF-1a expression and (b4) VEGF expression for 
hBMSCs. (C) Antibacterial evaluation of the scaffolds. 
(D) Osteogenesis assay of the ionic extracts from Cu- 
MBG particles. (d1) ALP, (d2) OPN and (d3) OCN for 
hBMSCs (reprinted with permission from ref. [93]).   
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hand, antibacterial ions commonly possess additional functions such as 
osteogenesis, angiogenesis, and immunoregulation, necessitating an 
analysis of the type and amount of ions used in relation to the specific 
application. Therefore, considering the use of an ion-mediated anti-
bacterial strategy, it is necessary to take into account all of the influ-
encing impact factors in order to achieve the optimal effect. 

4. Bioceramic-based scaffolds with physical antibacterial 
functions 

Endowing bioceramic-based scaffolds with physical antibacterial 
functions is another important antibacterial strategy, which is based on 
their physical properties, such as surface charge and topological struc-
ture, or the change of scaffolds’ surrounding microenvironment induced 
by external stimulation (light, magnetic field and ultrasound) to kill 
bacteria [22,36,38,94–96]. Nanomaterials and nanostructures have 
unique physical and chemical properties, which may play an important 
role in physical-activated antibacterial strategies, especially in fighting 
drug-resistant bacteria [97–99]. Table 3 shows the typical categories of 
physical antibacterial scaffolds for bone implant-associated infection, 
and the following specific examples are provided for expounding this 
antibacterial strategy. 

Derived from the exoskeleton of crustaceans, CS is one kind of nat-
ural polymers that possesses excellent biocompatibility, biodegrad-
ability and antibacterial property, and has a wide range of applications 
in bone tissue engineering [109]. CS is a positively charged alkaline 
polysaccharide that disrupts the negatively charged outer membrane of 
microbes to exert antibacterial activity, which is one of the character-
istics required in bone tissue engineering [100]. Owing to the fact that 
CS materials have poor mechanical property and osteogenic activity, it is 
necessary to develop CS/bioceramic composite scaffolds with dual 
osteogenic and antibacterial properties for bone repair. For example, 
chitosan/zoledronic acid/nano hydroxyapatite scaffolds were fabricated 
by freeze drying, which exhibited excellent biocompatibility, osteoin-
ductivity, and antibacterial activity against clinically pathogenic 
S. aureus and E. coli (nearly 100% inhibition) [102]. Additionally, the 
zoledronic acid-loaded scaffolds showed excellent in vitro tumor inhi-
bition efficiency against giant cell tumors of bone. Thus, the multi-
functional composite scaffolds may provide significant benefits in 
repairing tumor-induced bone defects. Furthermore, the antibacterial 
activity of scaffolds was derived from their interaction with the bacterial 
cell wall, penetrating the cell wall to inhibit DNA replication and 
covering the cell wall of bacteria to hinder the transport of nutrients 
[102]. The antibacterial property of CS was insufficient to address the 
complicated requirements of bone implant-associated infection; how-
ever, it may be coupled with other antibacterial materials, such as ions 
and drugs, to enhance antibacterial capabilities, as detailed in the 

combined strategies section [110–113]. 
Under the piezoelectric effect, the surface of piezoelectric ceramics 

will generate positive charge, which can also induce antibacterial ac-
tivity [38,94]. For example, the recent study reported the antibacterial 
effect of potassium-sodium niobate ceramics by manipulating their 
piezoelectric properties [38]. The results showed that the piezoceramics 
were capable of decreasing the colonies of bacteria S. aureus, promoting 
the proliferation, adhesion and spreading of rat bone marrow mesen-
chymal stem cells. Results also revealed that the antibacterial ratio, the 
bacterial membrane shrinkage and the ROS production highly corre-
lated with the number of positive charges on the surface of the piezo-
ceramic materials, indicating that the possible antibacterial mechanism 
is derived from ROS induced by surface charge. Furthermore, the au-
thors of another study [94] developed a lead-free piezoelectric (Ba,Ca) 
(Ti,Zr)O3 scaffold with enhanced antibacterial property for bone tissue 
engineering. The charged surfaces of scaffolds revealed good antibac-
terial responses, which were attributed to the micro-electric field around 
the materials formed by surface charge, and ROS generated by the 
decomposition of the surrounding solution. Therefore, it might be a new 
insight to apply the intrinsic electrical properties of biomaterials to solve 
the infective problems of bone implants. 

Physical thermal effect refers to the ability of certain materials and 
structures with specific physical properties, such as photothermal effect 
and sonodynamic effect, to absorb energy sources via light, sound, and 
other action pathways, causing lattice vibration, generating thermal 
energy, and increasing temperature. Physical thermal therapy is a safe 
and successful technique for treating bone implant-associated infection 
that primarily relies on the physical thermal effect to directly trigger 
heat generation and kill bacteria selectively [22,114]. The materials 
with physical thermal effect, such as carbon-based nanocomposites 
(graphene derivatives and carbon nanotubes) and metallic compound 
nanocomposites (copper sulfide and molybdenum sulfide), can be 
introduced into scaffolds in the form of a coating or matrix materials 
[114]. For example, the researchers of ref. [22] combined 3D printing 
with a polymer-derived-ceramics strategy to produce a porous forsterite 
scaffold with photothermal antibacterial activity (Fig. 5). The forsterite 
scaffolds were sintered at a high temperature in an argon atmosphere, 
producing free carbon with a strong photothermal effect. Obviously, the 
photothermal temperature of forsterite scaffolds could be controlled 
through NIR laser power density (Fig. 5 (B)). In vitro antibacterial ex-
periments demonstrated that the scaffolds with free carbon exhibited 
excellent photothermal effect and were capable of inhibiting the growth 
of pathogenic bacteria (E. coli and S. aureus) under NIR irradiation 
(Fig. 5 (C)). Hence, forsterite scaffolds fabricated by the combining of 3D 
printing and polymer-derived-ceramics strategy would be an attractive 
choice for bone tissue engineering. In another example, multifunctional 
magnetic Mg2SiO4–CoFe2O4 scaffolds with magnetothermal effect were 

Table 3 
Some typical bioceramic-based scaffolds with physical antibacterial functions for bone implant-associated infection.  

Categories Scaffolds (e.g.) Antibacterial mechanisms of scaffolds Bacteria used for 
antibacterial assays 

Ref. 

Surface charge Chitosan/zoledronic acid/nano 
hydroxyapatite scaffold; chitosan/zein/ 
silica scaffold 

Positively charged surface disrupting the negatively charged membrane 
of bacteria; Covering bacterial cell wall to block transport; Penetrating 
bacterial cell wall to prevent DNA replication 

E. coli, S. aureus [100–102] 

Pressure (surface 
charge) 

Potassium-sodium niobate scaffold; (Ba, 
Ca) (Ti,Zr)O3 scaffold 

Piezoelectric effects inducing surface charge; Surface charge generating 
micro-electric field and ROS around the material to kill bacteria 

E. coli, S. aureus [38,94] 

Photothermal effect Free carbon-containing forsterite 
scaffold; Forsterite-hydroxyapatite 
scaffold 

Photothermic effect generating ROS and increasing temperature to kill 
bacteria 

S. aureus, E. coli, 
MRSA 

[22,99, 
103] 

Magnetothermal 
effect 

Mg2SiO4–CoFe2O4 scaffold Magnetothermal effect generating thermal energy and increasing 
temperature to kill bacteria 

S. aureus, E. coli [95,104] 

Sonodynamic effect Palacos (bone cement) scaffold Attaching to certain cellular components and inducing damage under 
ultrasound irradiation; Generating ROS inducing oxidative damage to 
the cell wall 

MRSA, S. aureus, E. 
Coli, P. aeruginosa 

[105–107] 

Photocatalysis GDY-modified TiO2 nanofiber scaffold; 
TiO2 scaffold 

Generating ROS to kill bacteria MRSA, S. aureus, 
E. coli 

[36,108]  
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Fig. 5. Forsterite scaffolds with photothermal-induced antibacterial activity by 3D printing and polymer-derived ceramics strategy. (A) Schematic diagram for 
fabrication of forsterite scaffolds, (B) Photothermal properties of forsterite scaffolds under dry and wet conditions, and (C) In vitro evaluation of photothermal- 
induced antibacterial activity of forsterite scaffolds (reprinted with permission from ref. [22]). 

Fig. 6. Graphdiyne-modified TiO2 nanofiber scaffold 
with osteogenesis and enhanced photocatalytic anti-
bacterial activity irradiated by UV light. (A) Sche-
matic diagram of the dual function of GDY/TiO2 in 
orthopedic implant infection. (B) Electron spin reso-
nance for (b1) •O2− and (b2) •OH generation after 
TiO2 and GDY/TiO2 induced by UV. (C) In vitro and 
in vivo antibacterial evaluation of the GDY/TiO2 
nanofiber scaffold. (c1) quantitative analysis of in 
vitro bacterial colonies, (c2) statistical analysis of the 
live/dead staining of in vitro antibacterial tests, (c3) 
quantitative analysis of the bacterial colonies of the 
infected femurs treated with TiO2 and GDY/TiO2 
scaffolds (reprinted with permission from ref. [36]).   
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prepared by using the polymer sponge templating method, which can be 
similarly applied for treating bone implant-associated infection [95]. 
Such physical magntothermal antibacterial action, which is based on the 
susceptibility of various cells to heat, may effectively inhibit the pro-
liferation of drug-resistant bacteria while preserving normal cell growth 
and differentiation [104]. 

Photocatalytic reaction has the characteristics of high efficiency and 
low energy consumption, making it an attractive way for treating bone 
implant-associated infection. The principle is that photocatalytic agents 
form hole-electron pairs in the presence of light and then redox react 
with substrate molecules (such as O2 and H2O) at the interface to 
generate a sequence of ROS capable of killing a wide range of bacteria 
[36,96]. Although TiO2 has the photocatalytic activity to produce ROS, 
the recombination of generated electrons and holes limits its antibac-
terial ability. Therefore, a GDY-modified TiO2 nanofiber scaffold with 
enhanced photocatalytic antibacterial activity was designed for pre-
venting implant infection (Fig. 6) [36]. Under UV irradiation (365 nm), 
the electron spin resonance spectra revealed that the signals of ROS (⋅OH 
and ⋅O2− ) formed by GDY/TiO2 were higher than those by TiO2 (Fig. 6 
(B)). Due to the capability of electron separation of GDY, free electrons 
from the photocatalytic-activated TiO2 were transported to the GDY 
surface and had a longer lifespan, considerably increasing the ROS 
production ability of TiO2 nanofibers. In vitro and in vivo antibacterial 
results also revealed that GDY-modified TiO2 nanofiber scaffold showed 
better antibacterial effects (MRSA) under UV irradiation than TiO2 
without GDY (Fig. 6 (C)). Additionally, both in vitro and in vivo tests 
demonstrated that GDY-modified TiO2 nanofiber scaffold significantly 
promoted osteogenic differentiation than pure TiO2. Therefore, 
GDY-modified TiO2 nanofiber scaffold facilitated the process of bone 
tissue regeneration in drug-resistant bacteria-induced infection of bone 
implants. Whereas, photocatalytic agent, like biocompatible TiO2, needs 
UV light to produce antibacterial ROS, which directly limits their 
application on scaffolds implanted in the body. In comparison to UV 
light, NIR light could penetrate into the deeper tissues and may have 
more potential applications for photodynamic therapy of implants. A 
recent study reported that the photocatalytic ability of TiO2 was greatly 
improved by the dope of F, Yb and Ho, which could generate sufficient 
ROS to effectively remove the S. aureus biofilms of implants under 1060 
nm laser irradiation for 15 min [108]. Thus, endowing the scaffolds with 
antibacterial functions that are triggered by catalytic activity, is a 
promising choice to treat bone implant-associated infection, even those 
caused by drug-resistant bacteria. 

Encouragingly, physical-activated antibacterial strategies are the 
most probable approach to fighting drug-resistant bacteria based on the 
microenvironment changes triggered by physical effects to kill bacteria. 
Numerous examples also have demonstrated its ability to kill drug- 
resistant bacteria, which may be induced by the changes of microenvi-
ronment (such as heat, charge and ROS etc.) resulted from stimulating 
the bioceramic-based scaffolds or the sensitive materials on them by 
physical signals (ultrasonic, optical, magnetic etc.). It is difficult for 
bacteria to fundamentally adapt to these changes of the microenviron-
ment in a short period of time, thus bacteria are directly or indirectly 
killed. Additionally, cells and bacteria tolerate differently to the changes 
of microenvironment, making it possible to merely kill bacteria without 
damaging the cells. More importantly, as shown in the numerous ex-
amples, the physical-activated antibacterial strategy allows the quanti-
tative control of parameters, which contribute to the formation of a 
favorable antibacterial microenvironment. Therefore, physical- 
activated antibacterial strategies are expected to truly address the 
problem of bacterial resistance, leading to the goal of improving anti-
bacterial effect and bone repair. 

5. Bioceramic-based scaffolds with combined antibacterial 
functions 

Each type of antibacterial strategies show great potential for treating 

infected bone defects, however, most cases indicated that relying on a 
single antibacterial strategy makes it difficult to meet the intricate re-
quirements. A combination of antibacterial strategies on one scaffold, 
such as drug and ion therapy, drug and physical therapy, or physical and 
ion therapy, may be favorable to enhance the antibacterial effectiveness. 
It is critical to emphasize that, although the combined strategy entails 
additional demands on scaffold design and material selection, it is the 
most effective way to maximize antibacterial properties by integrating 
diverse antibacterial agents with scaffolds. Some typical combined 
antibacterial strategies of bioceramic-based scaffolds are listed in 
Table 4. 

Some studies have developed a multi-drug method to improme the 
antibacterial efficacy [37,115,116]. For example, the authors of ref. 
[115] developed a 3D composite scaffold using fast prototyping and 
coating technology with effective multidrug sequential release function 
against bacteria biofilm. In this study, levofloxacin, vancomycin and 
rifampicin were loaded into the mesoporous nanocomposite bio-
ceramics (hydroxyapatite embedded into amorphous MBG), polyvinyl 
alcohol biopolymer and the external coating of gelatinglutaraldehyde, 
respectively. The scaffolds containing levofloxacin, vancomycin and 
rifampicin demonstrated a sequential release manner that was an early 
and fast release of rifampicin, followed by a sustained and prolonged 
release of vancomycin and levofloxacin. Encouraging, the antibacterial 
results showed that such combined strategy was effective in destroying 
gram-positive and gram-negative bacteria biofilms and inhibiting their 
proliferation. Additionally, the researchers of another study [37] 
designed a hierarchical scaffold for localized isoniazid and rifampicin 
drug delivery and osteoarticular tuberculosis therapy. In the detailed 
experiments, isoniazid and rifampicin drugs were preloaded into 
chemically modified MBG and subsequently combined with PHBHHx by 
3D printing. In vitro and in vivo results revealed that the scaffolds 
exhibited prolonged drug release, with the drug concentrations on the 
periphery tissues of defects remaining above isoniazid and rifampicin 
minimal inhibitory concentration even up to 12 weeks after surgery. 
These findings showed that such hierarchical scaffolds had potential 
uses in bone regeneration and local antibacterial treatment following 
osteoarticular tuberculosis debridement surgery. Consequently, the 
antibacterial effects were indeed enhanced by the combination of more 
drugs in the scaffolds and a sequential release profile. 

Similarly, the drugs and ions loaded in bioceramic-based scaffolds 
can complement each other to treat bone implant-associated infection. 
For example, the authors of ref. [30] used the templating approach to 
design enoxacin-loaded and rubidium-containing MBG scaffolds. In 
vitro cell experiments also revealed that rubidium-containing MBG 
scaffolds promoted attachment, spreading morphology, proliferation, 
ALP activity, as well as bone related protein expression of hBMSCs. 
Obviously, the rubidium-containing MBG scaffolds were capable of 
loading and releasing Rb ions and enoxacin to continuously damage the 
bacterial cell membranes, with the synergistic effects significantly 
improving the antibacterial properties of the scaffolds. Due to the dual 
antibacterial activity and osteogenesis, such scaffolds had a very 
attractive prospect in treating bone implant-associated infection and 
promoting bone repair. Additionally, the simultaneous utilization of 
multiple ions has a synergistic impact on antibacterial function, allow-
ing them to be further enhanced. For example, the authors of study 
[117] investigated the antibacterial properties of gallium (Ga) and zinc 
(Zn)-containing BG scaffolds. The Ga3+ and Zn2+ release ratios increased 
with the incubation time, reaching a maximum of 1.5 and 0.05 ppm, 
respectively. Additionally, in vitro antibacterial results revealed that the 
Zn2+ and Ga3+ released from the scaffolds could act synergistically to 
inhibit the formation of bacterial biofilms and exert more powerful 
antibacterial function. 

CS, as a natural polymer, possesses good antibacterial property. It 
has also been demonstrated that the comprehensive antibacterial ac-
tivity can be enhanced when it coupled with other drugs [41,113,118, 
119]. The authors of ref. [41] constructed an injectable and 
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penicillin-loaded CS/calcium phosphate cement scaffold, which 
exhibited an initial burst penicillin release and following a steady 
decline. Such release behavior made the CS/calcium phosphate cements 
scaffolds achieve a minimal inhibitory concentration for S. aureus (0.03 
μg/mL). Furthermore, such injectable scaffolds did not cause toxicity, 
and showed high viability of human umbilical cord mesenchymal stem 
cells. Thus, the combined strategy of CS and penicillin enhanced anti-
bacterial performance and bone regeneration for the scaffold. Interest-
ingly, the combination of various physical strategies with drugs is also 
an effective way to enhance antibacterial performance for 
bioceramic-based scaffolds. For example, the recent study reported a 
Mg2SiO4–CoFe2O4 composite scaffold with magnetothermal effect, 
which makes it possible to increase temperature of the scaffolds for 
killing bacteria under an alternating magnetic field [95]. Furthermore, 
the scaffolds also showed excellent controlled release of rifampicin for 
enhancing antibacterial performance. 

Nowadays, developing synergistic physical-activated and ion- 
mediated strategies to enhance antibacterial activity raised an 
increasing attention [110,112,120]. For example, the researchers of ref. 
[110] prepared an Ag-containing CS/HA composite scaffold with 

antibacterial property for bone tissue engineering by a freeze-drying 
method. Here, the positively charged CS and released Ag+ contributed 
to the synergistic antibacterial effect for the scaffolds. Another study 
developed a 3D printed stimuli-responsive CS/polyethylene oxide/ZnO 
hydrogel scaffold with antibacterial activity [112]. The scaffold with CS 
was pH-responsive due to the acidic microenvironment of the bacterial 
infection zone, thereby accelerating the release of ZnO. Antibacterial 
experiments in vitro under different concentrations of nZnO indicated 
that nZnO at concentrations higher than 2 mg/mL resulted in more than 
99.99% inhibition of E. coli growth. On the other side, nZnO could be 
photoactivated under UV light to induce an increased ROS production, 
thereby leading to a higher antibacterial effect. Thus, the synergistic 
actions of physical photoactivation of nZnO and ion (Zn2+) strategies 
improved the comprehensive antibacterial ability. 

Nanomaterials, such as rGO, BPs and CuS, exhibit favorable photo-
thermal effect due to their unique physical and chemical features. The 
photothermal effect can be applied for antibacterial purposes, but a 
single material’s photothermal efficiency is often insufficient. Hence, a 
combination of two or more photothermal materials is expected to 
overcome the hurdles [31,121]. For example, the latest study reported a 

Table 4 
Some typical bioceramic-based scaffolds with combined antibacterial strategies for bone implant-associated infection.  

Antibacterial strategies Scaffolds (e.g.) Specific objects Bacteria used in 
antibacterial assays 

Ref. 

Combined drug-induced and drug- 
induced 

PHBHHx/80SiO2–15CaO–5P2O5 MBG Levofloxacin, vancomycin and rifampicin; 
Isoniazid and rifampicin 

E. coli, S. aureus [37,115, 
116] 

Combined drug-induced and ion 
mediated 

Enoxacin-loaded CaO–P2O5–SiO2–RbO 
MBG scaffold 

Enoxacin and Rb2+; Vancomycin and Zn2+ E. coli, S. aureus [30,47] 

Combined ion mediated and ion 
mediated 

poly (octanediol citrate)/SiO2–CaO–ZnO- 
Ga2O3 scaffold 

Zn2+ and Ga3+ E. coli, S. aureus [117] 

Combined drug-induced and 
charge effect 

Vancomycin-loaded CS/Si-doped 
hydroxyapatite scaffold 

CS and chlorhexidine; CS and Penicillin; CS and 
vancomycin 

E. coli, S. aureus [41,113, 
118,119] 

Combined charge effect and ion- 
mediated 

Chitosan/polyethylene oxide/ZnO scaffold CS and Zn2+; 
CS and Ag+; 
CS and Se-HA 

E. coli, S. aureus [110,112, 
120] 

Combined photothermal effect and 
ion-mediated 

Forsterite scaffolds Forsterite and free carbon E. coli, S. aureus [22] 

Combined photothermal effect and 
charge effect 

HA scaffold BPs and ZnL2 E. coli, S. aureus [121] 

Combined charge effect and 
physical therapy 

Polyethylenimine/MXene@CeO2 scaffold Cationic polyethylenimine and MXene 
(Ti3C2Tx) 

MRSA, E. coli, S. aureus [122]  

Fig. 7. ZnL2-BPs@HA scaffolds with photothermal 
effect for treating bone implant-associated infection. 
(A) Schematic illustration of the preparation process 
for ZnL2-BPs@HA scaffold. (B) Photothermal effect, 
surface charge of nanomaterials and ROS production 
by the scaffolds. (b1) photothermal heating curves of 
the scaffolds immersed in PBS upon NIR irradiation, 
(b2) zeta potentials of ZnL2, BPs and ZnL2-BPs, (b3) 
quantitative analysis of ROS production of different 
groups. (C) In vitro antibacterial effects of scaffolds 
after different treatments. (c1) antibacterial efficiency 
of the scaffolds with/without NIR irradiation, (c2) 
quantitative analysis of live/dead staining (reprinted 
with permission from ref. [121]).   
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bone implant with antibacterial action by integrating ZnL2 with ther-
mosensitivity and BPs with photothermal property on HA scaffold 
(Fig. 7) [121]. In detailed experiments, ZnL2-BPs were synthesized by 
ligating BPs with ZnL2 and then integrating them onto the surface of 
3D-printed HA scaffolds to form ZnL2-BPs@HA scaffolds (Fig. 7 (A)). 
Antibacterial tests in vitro and in vivo revealed that the ZnL2-BPs@HA 
scaffolds exhibited superior antibacterial capability when exposed to 
light radiation compared to other groups (Fig. 7 (C) representing in vitro 
results). The results demonstrated that the synergistic effects of posi-
tively charged ZnL2-BPs and hyperthermia, as well as the continuous 
production of ROS over time, may induce irreparable damage to intra-
cellular biomolecules and ultimately end in bacterial mortality (Fig. 7 
(B)). Therefore, the combination of multiple materials on scaffolds can 
enhance the photothermal property and thus improve the antibacterial 
effect. Apart from their unique physical and chemical properties, 
nanoparticles also have physically destructive effect on bacterial mem-
branes that can be used for fighting bacteria. For example, the authors of 
study [122] designed a multifunctional scaffold with bioactivity and 
antibacterial property based on MXene@CeO2 nanocomposites for 
infection-impaired skin multimodal therapy. The probable antibacterial 
mechanism was that the cationic polyethylenimine attracted the nega-
tively charged bacterial cell membrane, disrupted the transmembrane 
potential and induced cell death. More importantly, the 2D nanosheets 
as “nano-knife” might physically injure the cell membranes of bacteria, 
destroy bacterial membrane integrity, and result in a synergistic inhi-
bition of bacterial growth by directly physically interacting with bac-
teria membrane surfaces. This study was rarely related to bone repair, 
but it provided a novel idea for treating bone implant-associated 
infection. 

Despite the superior antibacterial property, each antibacterial 
strategy has its own limitations, such as biocompatibility restrictions for 
ions, bacterial resistance induced by antibiotic drugs, and stimulus sig-
nals input and materials degradation issues for physical strategy. 
Obviously, the antibacterial property could be greatly improved by the 
synergistic effect of the combined antibacterial strategy, with the su-
periority of the combined strategy over the single one being demon-
strated by numerous examples. The combined antibacterial strategy 
consisting of two or more antibacterial approaches with diverse mech-
anisms not only tends to hardly interfere with the mutual antibacterial 
effect, but perhaps reinforces it. The combined strategy possesses good 
antibacterial property for drug-resistant bacteria, which may be attrib-
uted to the synergistic effect as well. In addition, the single antibacterial 
strategy may have limited antibacterial activity against specific bacteria, 
while the combined strategy may confer a broad-spectrum antibacterial 
property on bioceramic-based scaffolds. Therefore, the combined strat-
egy can be prioritized in the design of antibacterial bioceramic-based 
scaffolds, resulting in enhanced antibacterial properties for 
bioceramic-based scaffolds that can withstand bone implant-associated 
infection. 

6. Summary and outlooks 

Bioceramic-based scaffolds with high bioactivity, degradability, 
osteoinduction and osteoconduction are very useful for bone repair. 
They can provide mechanical support and facilitate cell migration and 
nutrient transportation, while the released active substances from them 
stimulate cell proliferation and differentiation, thereby promoting 
osteogenesis and angiogenesis, and ultimately bone repair. However, 
the prevention and treatment of bacterial infection is a major challenge 
in bone repair. Currently, introducing antibacterial function into 
bioceramic-based scaffolds is an effective strategy to fight bone implant- 
associated infection, and a variety of antibacterial bioceramic-based 
scaffolds have been developed based on different antibacterial mecha-
nisms, including bioceramic-based scaffolds with drug-induced anti-
bacterial functions, bioceramic-based scaffolds with ion-mediated 
antibacterial functions, bioceramic-based scaffolds with physical 

antibacterial functions, and bioceramic-based scaffolds with combined 
antibacterial functions. Although the drug-induced antibacterial strat-
egy is still the most effective and widely used in clinical practice, it is 
imperative to develop replaceable antibacterial strategies due to the 
problem of drug resistance to bacteria. The ion-mediated antibacterial 
strategy can achieve favorable antibacterial effects owing to the capa-
bility of sustained release of antibacterial ions. Since the ions utilized in 
this strategy are often heavy metals, it faces biological safety risks and 
has great obstacles in the clinical applications. Therefore, it is critical to 
strike a balance between antibacterial capability and biocompatibility. 
Physical-activated antibacterial strategy is more promising, and the 
most likely to solve the problem of drug-resistant bacteria. However, the 
depth and breadth of researches are far from enough, especially in terms 
of antibacterial mechanisms. The combination of the aforementioned 
various strategies, particularly their synergy of multiple strategies, may 
effectively overcome the drawbacks of a single approach and enhance 
the comprehensive antibacterial effect. Hence, the combined antibac-
terial strategy is a comparatively ideal pathway. Due to the fact that 
multiple strategies are involved, it is a challenge to complete the design 
and preparation of the scaffolds without impairing their osteogenic 
performance. 

Many antibacterial strategies of bioceramic-based scaffolds for 
treating bone implant-associated infection have been developed, 
nevertheless, the issue of bacterial resistance requires more attentions. 
Effective antibacterial strategies and the development of innovative 
antibacterial agents are critical in the battle against drug-resistant bac-
teria. Research on adaptive antibacterial scaffolds is a promising direc-
tion, which stimulates the scaffolds in vivo by specific 
microenvironment triggered by bacteria to produce timely antibacterial 
effect. And the antibacterial actions can be stimulated by acid, enzyme, 
temperature and touching responses in the infected sites, which en-
hances the availability of the antibacterial agents, and effectively avoids 
the emergence of drug-resistant bacteria. Developing antibiotic-free 
strategies that do not generate bacterial resistance to achieve a better 
antibacterial effect may be a more appropriate pathway. Antibacterial 
scaffolds are being developed in general with the goals of being efficient, 
long-term, non-toxic, antibiotic-free and broad-spectrum antibacterial, 
and ultimately solving the issue of bone implant-associated infection. It 
is hoped that the aims may be achieved gradually via advances in new 
antibacterial materials, such as biomaterials with physical-activated 
antibacterial function. Bacteria can be inhibited by constructing struc-
tures with specific physical and chemical properties on the surface of 
bioceramic-based scaffolds, or by stimulating the production of bacte-
ricidal substances via an external field. Researches on the antibacterial 
mechanisms of biomaterials and loading principals on the scaffolds may 
bring about a significant breakthrough in the treatment of tissue infec-
tion. Nonetheless, the biosafety and degradability of biomaterials, as 
well as their loading techniques on the scaffolds, should be highly 
concerned to meet the requirements in practical applications. Un-
doubtedly, it will be possible to endow bioceramic-based scaffolds with 
excellent antibacterial property to treat bone implant-associated infec-
tion, and ultimately promote bone repair. 
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