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A B S T R A C T   

Objective: Fracture-related infection (FRI) remains a major concern in orthopaedic trauma. Functionalizing im-
plants with antibacterial coatings are a promising strategy in mitigating FRI. Numerous implant coatings have 
been reported but the preventive and therapeutic effects vary. This systematic review aimed to provide a 
comprehensive overview of current implant coating strategies to prevent and treat FRI in animal fracture and 
bone defect models. 
Methods: A literature search was performed in three databases: PubMed, Web of Science and Embase, with 
predetermined keywords and criteria up to 28 February 2023. Preclinical studies on implant coatings in animal 
fracture or defect models that assessed antibacterial and bone healing effects were included. 
Results: A total of 14 studies were included in this systematic review, seven of which used fracture models and 
seven used defect models. Passive coatings with bacteria adhesion resistance were investigated in two studies. 
Active coatings with bactericidal effects were investigated in 12 studies, four of which used metal ions including 
Ag+ and Cu2+; five studies used antibiotics including chlorhexidine, tigecycline, vancomycin, and gentamicin 
sulfate; and the other three studies used natural antibacterial materials including chitosan, antimicrobial pep-
tides, and lysostaphin. Overall, these implant coatings exhibited promising efficacy in antibacterial effects and 
bone formation. 
Conclusion: Antibacterial coating strategies reduced bacterial infections in animal models and favored bone 
healing in vivo. Future studies of implant coatings should focus on optimal biocompatibility, antibacterial effects 
against multi-drug resistant bacteria and polymicrobial infections, and osseointegration and osteogenesis pro-
motion especially in osteoporotic bone by constructing multi-functional coatings for FRI therapy. 
The translational potential of this paper: The clinical treatment of FRI is complex and challenging. This review 
summarizes novel orthopaedic implant coating strategies applied to FRI in preclinical studies, and offers a 
perspective on the future development of orthopaedic implant coatings, which can potentially contribute to 
alternative strategies in clinical practice.   

1. Introduction 

Infection remains a challenging complication in orthopaedic trauma, 

which is often complicated with complex fractures and defects from 
high-energy injuries. Due to deficiency in soft tissues and blood supply, 
there is a high risk of bacterial colonization in these regions [1], which 
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can significantly impair the bone healing process resulting in non-union, 
permanent loss of function, and even amputation [2]. This is particularly 
alarming for elderlies who are more prone to fragility fractures and may 
have less reserve for infections [3,4]. Furthermore, recent studies have 
also shown an increasing incidence of open fractures in elderly patients 
[5]. Although fracture-related infection (FRI) occurs in only 1–2% of 
closed fractures after internal fixation, the incidence can reach up to 
30% in open fractures [6,7] as exogenous contamination can occur when 
the skin is breached [8]. Another source of FRI is during surgical oper-
ations, in which pathogens can be introduced via the surgical site along 
with implants [9]. Implant fixation is often performed to stabilize the 
fractured bones, while large-segment defects may require bone grafting 
in the future to induce bone repair [10]. Conventional materials 
including stainless steel and titanium often do not possess any antibac-
terial properties and can be prone to be contaminated by bacteria. To 
address this potential problem, surface functionalization for antibacte-
rial purposes have been intensively explored. The benefit of this would 
be decreasing the susceptibility to bacterial infections, thereby limiting 
severe clinical complications, including implant loosening, osteomye-
litis and even mortality [11] 

Currently, one of the leading causative pathogens of FRI is Staphy-
lococcus aureus (S. aureus), accounting for 18.4-37.4% of cases [26–28], 
followed by Staphylococcus epidermidis and Gram-negative bacteria, 
including Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeru-
ginosa [27,29]. Furthermore, multidrug-resistant (MDR) strains have 
been increasingly isolated at surgical sites [30], which often lead to high 
risks of recurrence, longer hospitalization, and increased mortality [31]. 
Methicillin-resistant S. aureus (MRSA) [30], which is resistant to mul-
tiple commonly used antibiotics [32], is one of the major isolates. After 
colonizing on an implant surface, MRSA forms a biofilm composed of 
extracellular polymeric substances, including bacterial exopoly-
saccharides and extracellular DNA of host and bacterial origin [33]. 
Moreover, there is complex cell-to-cell communication between bacte-
ria, which is known as quorum sensing (QS) [34]. Bacteria can transmit 
information by secreting and receiving signaling molecules, thereby 
regulating gene expression to cope with the dynamic environment [35]. 
QS contributes to bacterial virulence, biofilm formation and antimi-
crobial resistance, making the organism particularly challenging to 
eradicate [36]. A common practice for preventing FRI is the prophy-
lactic administration of systemic antibiotics [37], but with the growing 
prevalence of MDR bacteria, antibiotics have become increasingly 
ineffective in preventing and managing post-operative infections. 
Therefore, it is important to develop alternate strategies for orthopaedic 
implants capable to prevent infections. 

Implants coating is now considered as a promising strategy to tackle 
FRIs [38], especially on targeting biofilm-related infections [39]. 
Currently, coatings against bacterial infections can be broadly catego-
rized as: (1) passive coatings for preventing bacteria attachment and (2) 
active coatings for bacteria killing and growth inhibition [40]. Passive 
coatings prevent bacterial infection at the initial stage by changing the 
surface wettability properties, surface energy, and surface topography of 
implants [41]. Common materials used for passive coatings are poly-
ethylene glycol (PEG), hyaluronic acid (HA) and hierarchical nano-
structured superhydrophobic material, etc. [42–44]. Active coating 
utilizes antibacterial agents, such as metal ions, antibiotics, and anti-
microbial peptides, to functionalize the implant surface and eradicates 
bacteria via contact killing or antibacterials released into surrounding 
tissues [45–47]. Additionally, other biomaterials promoting osseointe-
gration, angiogenesis and immunomodulation can be co-coated along 
with antibacterial materials [48,49]. 

Various coatings designed for orthopaedic applications have been 
reported, although most are in vitro studies. Some novel coatings 
addressing bacterial infections have been investigated in animal models 
with bone tissue injury to verify their bactericidal effects and the effects 
on bone healing in vivo. With the increasing number of recent publica-
tions, the aim of this study was to provide a comprehensive overview of 

current implant coating strategies that prevent and treat infections in 
animal fracture and bone defect models. 

2. Methods 

2.1. Search strategy 

This systematic review was conducted in three databases: PubMed, 
Web of Science, and Embase. The search keywords were: “(orthopaedic 
implant) AND (infection OR bacteri* OR antibacterial) AND (coating OR 
surface modifi* OR functional*) AND (fracture OR defect)”. Additional 
studies were identified manually when relevant. The search of eligible 
studies was up to 28 February 2023. Duplicated articles were excluded, 
and studies were further selected based on inclusion and exclusion 
criteria. Study selection was conducted by two independent reviewers. 

2.2. Criteria for eligibility 

Studies were included based on the following criteria: 1) orthopaedic 
implant coatings; 2) fracture or defect models in animal; 3) assessed the 
antibacterial effect in vivo; 4) assessed bone healing in vivo. The exclu-
sion criteria were: 1) clinical studies; 2) in vitro studies; 3) no antibac-
terial coatings; 4) no bacterial infections; 5) no bone healing 
assessments; 6) inadequate sample size; 7) reviews, expert opinion ar-
ticles, conference papers, and case reports. 

2.3. Data extraction 

Data from eligible studies were extracted and listed. The following 
information were collected: authors, year, animal species and models, 
bacteria strains and inoculation methods, type of implants, antibacterial 
agents, coating strategies, implant characterization methods, assess-
ments of biocompatibility, infection and bone healing outcomes. 

3. Results 

A total of 1280 records were identified. After removing duplicate 
records, 1127 studies were under further selection based on inclusion 
and exclusion criteria. Upon screening titles and abstracts, 92 articles 
with full text were reviewed. 14 studies were included in the systematic 
review. Details of the selection are shown in Fig. 1. 

3.1. Animal models 

Amongst the 14 studies, seven were defect models [13,14,18,20, 
22–24] and seven were fracture models [12,15–17,19,21,25]. The 
defect models included cylindrical bone defects and segmental defects, 
which were established in New Zealand white rabbits (four studies) [14, 
24,13,23], Sprague Dawley (SD) rats (three studies) [22,20,23], 
C57BL/6 mice (one study) [18]. One study used both New Zealand white 
rabbits and SD rats for defect models [23]. For the fracture models, six of 
them were open fractures conducted with saws/blades and one did not 
mention the details [25]. The fracture surgeries were performed on New 
Zealand white rabbits [12,15,25], ewes [19,16], SD rats [17], and 
C57BL/6 mice [21] (refer to Table 1). 

3.2. Bacteria inoculation 

S. aureus was used in all 14 studies [12–25]. S. aureus was directly 
injected into the medullary cavity or surgical sites in nine studies with a 
bacterial load ranged from 102 to 108 colony-forming units (CFUs) [14, 
18,20,22,24,15,17,25,16]. Whilst in the other five studies, S. aureus was 
pre-incubated with implants [12,13,23,19,21]. (refer to Table 1) 
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3.3. Implants and coating strategies 

Plates and screws [12,16,19,21], and Kirschner wires (K-wires) [15, 
17,25] were used for fracture fixation. K-wires [18], rods [13] and 
scaffolds made from polycaprolactone [14], poly(lactic-co-glycolic acid) 
(PLGA)/HA [23], polyether ether ketone (PEEK) [22,20] and coral hy-
droxyapatite (CHA) [24] were applied in the bone defect models. (refer 
to Table 1) 

Two studies investigated the application of passive coatings in frac-
ture. Chae et al. fabricated a superhydrophobic coating on the micro/ 
nanostructured surface with a perfluoropolyether lubricant layer, which 
presented a long-lasting antibiofouling effect against cells, proteins, 
calcium, and bacteria [12]. Schaer et al. synthesized the N,N-dodecyl, 
methyl-PEI to prepare a hydrophobic coating by repeated immersion, 
in which the coating prevented colonization of S. aureus and biofilm 
formation [16]. 

The other 12 studies reported active coatings with antibacterial 
agents including metal ions, antibiotics, chitosan, peptides, and pro-
teins. Four studies used metal ions, including Ag+ [14,24] and Cu2+ [15, 
25] to establish antibacterial effects. Li et al. utilized PDA coating on 
polycaprolactone scaffolds and coated Ag+ by immersing the scaffolds in 
AgNO3 solutions [14]. Zhang et al. also prepared silver-coated coral 
hydroxyapatite (CHA) scaffolds by AgNO3 solutions immersion [24]. 
Prinz et al. fabricated copper coated nails by Cu2+ galvanically deposi-
tion [15]. Zhang et al. loaded CuCl2 into polylactic acid (PLA) and then 
coated them on the surface of titanium K-wires [25]. 

Five studies used antibiotics, including chlorhexidine (CHX) [17], 
tigecycline [18], vancomycin [18,19], gentamicin sulfate (GS) [22,20]. 
Shiels et al. used dip-coating to load chlorhexidine onto the Ti K-wires 
and covered N-(3-Sulphopropyl)-N methacryloxyethyl-N, 
N-dimethylammonium betaine (SBMA) by immersion for better 
anti-biofouling properties [17]. Stavrakis et al. manufactured the Ti 
K-wires with tigecycline or vancomycin encapsulated PEG-PPS polymers 
to achieve local control-releasing of the antibiotics. The K-wires were 
pretreated with oxygen plasma treatment followed by submersion with 

antibiotics-loaded PEG-PPS [18]. Stewart et al. modified vancomycin 
which was bonded to the Ti surface treated with nitrohydrofluoric acid 
and anodized with gold Ti 101 via aminoethoxyethoxyacetate 
(AEEA)-AEEA- aminopropyltriethoxysilane (APTS) mediated covalent 
coupling [19]. PEEK implants with CaP containing GS were fabricated 
by Xue et al. through layer-by-layer self-assembly technology [22]. 
Similarly, Sun et al. modified porous PEEK through co-deposition of 
dopamine and GS, thereby forming a GS loaded polydopamine (PDA) 
coating [20]. 

Three studies applied natural antibacterial materials such as chito-
san, peptides, and enzymes for surface functionalization of the implants. 
Yang et al. developed a 3D printed scaffold based on PLGA and HA, and 
then coated hydroxypropyltrimethyl ammonium chloride chitosan 
(HACC) which is a chitosan derivative with improved water solubility 
and antibacterial effect through covalently grafting [23]. Chen et al. 
designed a fused peptide with antibacterial peptide HHC36 and vascular 
endothelial growth factor (VEGF)-mimetic peptide QK, APTS was also 
used for surface modification firstly and the fused peptides were linked 
to the modified Ti surface via click reaction in CuAAC-SB solutions [13]. 
Windolf et al. loaded lysostaphin into a poly(D,L)-lactide (PDLLA) ma-
trix and then coated it onto Ti plates [21]. 

3.4. Outcome assessments of biocompatibility 

Six studies investigated the biocompatibility of the coatings in vitro 
with peripheral blood mononuclear cells (PBMCs) [14], rabbit bone 
marrow derived mesenchymal stem cells (BMSCs) [25], MC3T3-E1 cells 
[24,20], RAW264.7 cells [20], human umbilical vein endothelial cells 
(HUVECs) and human BMSCs [13], or MG-63 cells [22]. Cell prolifera-
tion and viability was assessed by cell counting kit-8 (CCK-8) assay [14, 
13,20,22,25], live/dead assay [14]. Six studies reported positive effect 
of the coatings on cell proliferation and viability [14,25]. However, 
coatings using excess concentration of Cu2+ [25], Ag+ [24] and GS [22] 
hindered cell proliferation and viability. One study using 
SPEEK-PDA-GS showed a negative effect on viability of MC3T3-E1 and 

Fig. 1. Flow diagram of the literature selection.  
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Table 1 
Summary of the study characteristics.  

Study Animals Model Postoperative 
endpoint 

Bacteria strain Inoculation 
methods 

Implant Antibacterial 
agents 

Coating strategy Implant 
characterization 

Chae 
et al. 
(2020) 
[12] 

24 male 
New 
Zealand 
white 
rabbits 

Mid-diaphyseal 
osteotomy in 
femur using 
saw blade 

Week 4, Week 
6 

S. aureus 
(ATCC 25923) 

Implants pre- 
incubation 
with 106 

CFU/ml 
MRSA for 12 
h 

Stainless 
steel 
plates 

Perfluoropolyether 
lubricant 

1. Acids etching 
2. POTS coating 
3. 
Perfluoropolyether 
lubricants coating 

SEM 
AFM 
XPS 
CA and SA 
Mechanical test 

Chen 
et al. 
(2021) 
[13] 

35 New 
Zealand 
white 
rabbits 

2 defects on the 
femur (d = 2 
mm) 

Day 7, 14, 60 S. aureus 
(ATCC 6538P) 

Implants pre- 
inoculation 
(108 CFU/ 
mL, 15 μL) 

Titanium 
rods 

Fusion peptide 1. APTS 
modification 
2. Immersion into 
click solution 
(CuAAC-SB) and 
fusion peptides 

XPS 
Fluorescence 
intensity for 
fusion peptide 

Li et al. 
(2019) 
[14] 

20 
female 
New 
Zealand 
white 
rabbits 

Cylindrical 
defect in tibia 

Week 8 S. aureus 
(ATCC 25923) 

Injection into 
the marrow 
cavity, 100 
μL, 105 CFU/ 
mL 

PCL 
scaffold 

Ag+ 1. Polydopamine 
coating 
2. Implant 
immersion with 
AgNO3 

SEM 
EDS 
WCA 
WAR 
ICP-MS 

Prinz 
et al. 
(2017) 
[15] 

12 
female 
New 
Zealand 
white 
rabbits 

Mid-diaphyseal 
osteotomy in 
tibia using a 
micro saw 

Week 4 S. aureus 
(ATCC 25923) 

Injection into 
the 
medullary 
cavity, 100 
μL, 105 CFU/ 
mL 

Titanium 
K-wires 

Cu2+ 1. Plasma 
electrolytic 
oxidation 
2. Cu2+ deposition 
3. Cu/Ti oxide 
composite layer 
blasting 

SEM 
EDS 
Cu2+ releasing 
measurement 

Schaer 
et al. 
(2012) 
[16] 

12 
Dorset- 
cross 
ewes 

Mid-diaphyseal 
osteotomy in 
unilateral tibia 
using 
oscillating saw 

Week 4 
(efficacy 
study); 
Week 12 
(safety study) 

S. aureus 
(ATCC 25923) 

Inoculation 
in fracture 
site, 2.5 mL, 
1 × 106 CFU/ 
mL 

Stainless 
steel 
plate 

N,N-dodecyl, 
methyl-PEI 

1. Linear PEI N- 
alkylation with 
dodecyl and methyl 
moieties 
2. Implant 
immersion in N,N- 
dodecyl,methyl-PEI 

None 

Shiels 
et al. 
(2018) 
[17] 

54 SD 
rats 

Osteotomy in 
the tibia (12 
mm distal to the 
tibial plateau) 

Week 4 S. aureus 
(UAMS-1, 
ATCC 49230) 

Injection into 
the 
medullary 
cavity, 10 μL, 
5.9 × 102 ±

30.8SEM 

CFUs 

Titanium 
K-wires 

CHX 1. Implant dip- 
coating with CHX 
2. Immersion into 
polymerisation 
initiator 
3. Immersion into 
10 % SBMA 

MS 

Stavrakis 
et al. 
(2019) 
[18] 

18 male 
C57BL/6 
mice 

Segmental 
defect in the 
midshaft femur 

Week 6 S. aureus 
(Xen36) 

Inoculation 
into the 
fracture site, 
2 μL, 1 × 108 

CFUs 

Titanium 
K-wires 

Tigecycline and 
vancomycin 

1. Oxygen plasma 
treatment 
2. Reaction with 1% 
(3-mercaptopropyl) 
trimethoxysilane 
3. Immersion in 
antibiotics- 
encapsulated PEG- 
PPS solution. 

SEM 
X-ray 
Microanalysis 

Stewart 
et al. 
(2012) 
[19] 

9 mature 
Dorset- 
cross 
ewes 

Mid-diaphyseal 
osteotomy in 
tibia using 
oscillating bone 
saw 

Week 4, 12 S. aureus 
(ATCC 25923) 

Implants pre- 
inoculation, 
2.5 mL, 1 ×
106 CFU/mL 

Titanium 
plates 

Vancomycin 1. Hydrothermal 
aging passivation 
2. 
Aminopropylation 
using 5% APTS. 
3. FMOC-AEEA 
linkers coupling 
4. Vancomycin 
coupling 

CLSM 
SEM 

Sun et al. 
(2021) 
[20] 

12 SD 
rats 

Defect on the 
lateral side of 
the vertical 
femur (d = 2 
mm) 

Week 6 S. aureus 
(ATCC 6538) 

Injection into 
femoral 
cavity, 30 μL 
104 CFU/ml 

PEEK 
implants 

GS 1. Acid etching 
2. Immersion into 
dopamine and GS 
solutions 

SEM 
CA 
FTIR 

Windolf 
et al. 
(2014) 
[21] 

40 
female 
Balb/c 
mice 

Mid-diaphyseal 
osteotomy in 
femur using a 
Gigly saw 

Week 4 S. aureus 
(ATCC 29213) 

Inoculation 
into the 
fracture site, 
1 μL, 1.94 ×
103 CFU/μL 

Titanium 
plates 

Lysostaphin 1. Lysostaphin 
loading to PDLLA 
2. PDLLA- 
lysostaphin coating 

None 

Xue et al. 
(2020) 
[22] 

15 adult 
SD rats 

Cylinder defect 
on the outside 
of the vertical 
femur (d = 2 
mm, h = 5 mm) 

Week 4 S. aureus 
(ATCC 6538) 

Injection into 
femoral 
cavity, 30 μL, 
104 CFU/ml 

PEEK 
implants 

GS 1. PEI modification 
2. PSS assembly 
3. Ca(NO3) 2⋅4 
(H2O) and GS 
coating by layer by 
layer reaction 

SEM 
XRD 
FTIR 
GS releasing 
measurement 

(continued on next page) 
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RAW264.7 cells [20]. Cell differentiation activity was also evaluated by 
alkaline phosphatase (ALP) activity test, RT-PCR, immunofluorescence, 
or western blot in five studies [24,13,20,22,25]. Ti implants coated with 
fusion proteins promoted angiogenic activity and osteogenic activity of 
HUVECs and hBMSCs [13]. Other coatings with Cu2+, Ag+ and GS also 
increased the cell differentiation level in vitro, but high level of Cu2+, 
Ag+ and GS were reported to have negative effects on cell osteogenic 
activity [24,22,25]. (refer to Table 2) 

The other eight studies evaluated the biocompatibility of the implant 
coatings in vivo. To investigate the effects of the coatings on natural 
healing process, non-infected fracture models were established in two 
studies. Schaer et al. reported that N,N-dodecyl,methyl-PEI coated LCPs 
showed equal effects in radiographic and histologic assessments with the 
uncoated LCPs, indicating that N,N-dodecyl,methyl-PEI coatings did not 
impair fracture healing during 3-months implantation. However, 
Shields et al. found that the CHX-loaded coatings decreased bone for-
mation and implant integration with surrounding bone tissues. One 
study reported unexplained death of two animals with bacterial infec-
tion treated with bare nails and copper coated nails, respectively [15]. 
HE staining of liver and kidney sections was performed in two studies to 
evaluate the systemic toxicity. No obvious structure abnormality or in-
flammatory response was reported. Other studies found no obvious 
systemic toxicity or side effects. 

3.5. Antibacterial effect of the coatings in vivo 

Histological assessments were conducted in 12 studies, including 
hematoxylin-eosin (HE) staining for bone tissues histological analysis 
and infection evaluation, Masson’s trichrome staining, immunohisto-
chemistry (IHC) for interleukin-10 (IL-10), IL-6, IL-4, and tumor necrosis 
factor-α (TNF-α), Gram staining, Giemsa staining, Brown and Brenn 
staining [14,24,12,13,15,20,22,23,25,16,19,21]. Seven studies exam-
ined the bacterial burden in bone or on implant surface by CFUs 
counting, bacteria culture, or bioluminescence imaging [18,13,23,15, 
17,25,16]. Local inflammation was also assessed by flow cytometry 
(FCM) for neutrophils and enzyme-linked immunosorbent assay (ELISA) 
for IL-6 in surgical site lavage fluids in one study [21]. Levels of systemic 

inflammation was evaluated in four studies through blood cell counting, 
C-reactive protein (CRP), or procalcitonin (PCT) detection [20,15,25]. 
Four studies used confocal laser scanning microscopy (CLSM) or scan-
ning electron microscope (SEM) to visualize the biofilms on bones or 
implant surfaces [23,19,16]. X-ray imaging was applied in three studies 
to monitor bone infection [24,22,23]. (refer to Table 2) 

Chae et al. found no infection in the tissues surrounding fracture site 
in all rabbits treated with lubricated orthopedic implant surface (LOIS), 
and the level of local immune response was reduced [12]. Schaer et al. 
confirmed that N,N-dodecyl,methyl-PEI-coating was effective in pre-
venting biofilm formation on plate implants by SEM examination [16]. 

Li et al. reported that silver-coated polycaprolactone (PCL)/PDA 
scaffolds reduced the infection rate in the rabbit defect model [14]. 
Zhang et al. showed that silver-coated CHA scaffolds controlled bone 
infection as shown in X-ray imaging [24]. Prinz et al. examined the 
reversibly attached or biofilm-forming bacteria on the nail surface and 
found no bacteria on copper coated nails, demonstrating the antimi-
crobial effect of copper released from the nail surface [15]. Zhang et al. 
reported that no bacteria colony was found in the implants coated with 
copper, which also alleviated systemic inflammation [25]. 

Shiels et al. reported reduced bacteria and neutrophils in the bone 
and callus with SBMA+CHX coated K-wires. They also revealed that the 
addition of systemic cefazolin improved antibacterial efficacy of 
SBMA+CHX [17]. Vancomycin or tigecycline coatings on K-wires 
developed by Stavrakis et al. significantly reduced bacteria burden on 
Day 14 which lasted throughout the 42-day study period [18]. 
CaP-and-GS modified PEEK implants controlled bone infection as shown 
in X-ray imaging [22]. Vancomycin modified titanium plates decreased 
clinical and histological signs of infection and prevented biofilm for-
mation [19]. Sun et al. showed that SPEEK–PDA–GS could weaken the 
expression of proinflammatory factors (TNF-α, IL-6 and chemokine 
receptor-7) but enhance expression of anti-inflammatory factors (IL-4, 
IL-10 and CD206), and prevent purulent osteomyelitis [20]. 

Yang et al. constructed a HACC-grafted PLGA/HA scaffold which not 
only reduced the amount of attached bacteria on the fixation devices but 
also inhibited the formation of biofilms, and the bacterial burden in 
femoral shaft and condyle was remarkably decreased [23]. Chen et al. 

Table 1 (continued ) 

Study Animals Model Postoperative 
endpoint 

Bacteria strain Inoculation 
methods 

Implant Antibacterial 
agents 

Coating strategy Implant 
characterization 

Yang 
et al. 
(2018) 
[23] 

80 
female 
SD rats; 
36 
mature 
female 
New 
Zealand 
white 
rabbits 

Segmental 
defect in the 
femoral mid- 
shaft (6 mm) in 
rats; cylinder 
defect (6 mm*4 
mm) 
perpendicular 
to the femoral 
shaft in rabbits 

Week 2, 4, 8 
(rats); 
Week 8 
(rabbits) 

S. aureus 
(ATCC 25923) 

Implants pre- 
inoculation 
(106 CFU/ 
mL) for 10 
min 

PLGA/HA 
scaffold 

HACC 1. PLGA/HA 
scaffolds 
manufacture 
2. HACC covalently 
grafting 

Micro-CT 
Mechanical test 

Zhang 
et al. 
(2014) 
[24] 

36 New 
Zealand 
white 
rabbits 

15-mm 
segmental 
defect in upper 
1/3 of the 
radius 

Week 4 S. aureus 
(ATCC 25923) 

Dispersion 
into the 
operation 
wound for 
15 min 

CHA 
scaffold 

Ag+ 1. CHA scaffold 
immersion with 
AgNO3 

Ag+ releasing 
measurement 
XRD 
SEM 

Zhang 
et al. 
(2022) 
[25] 

24 male 
New 
Zealand 
rabbits 

Mid-diaphyseal 
osteotomy in 
tibia 

Week 2, 6, 10 S. aureus 
(BNCC186335) 

Injection into 
the proximal 
and distal 
stumps, 50 
μL, 1 × 105 

CFU/mL 

Titanium 
K-wires 

Cu2+ 1. Acids etching 
2. CuCl2 loading to 
PDLLA 
3. PDLLA- Cu2+

coating 

SEM 
MS 
CA 
CLSM 

POTS, 1H,1H,2H,2Hperfluorooctyltriethoxysilane; SEM, scanning electron microscope; AFM, atomic force microscopy; XPS, X-ray photoelectron spectroscopy; CA, 
contact angle; SA, sliding angle; PEI, polyethylenimine; PCL, polycaprolactone; EDS, energy dispersive spectrometer; WCA, Water contact angle; WAR, water ab-
sorption rate; ICP-MS, inductively coupled plasma mass spectrometry; CHA, coral hydroxyapatite; XRD, X-ray Diffraction; PDLLA, poly(D,L)-lactide; CLSM, confocal 
laser scanning microscope; CHX, chlorhexidine; SBMA, N-(3-Sulphopropyl)-Nmethacryloxyethyl-N,N-dimethylammonium betaine; PEG, poly(ethylene glycol); PPS, 
poly(propylene sulfide); APTS, aminopropyltriethoxysilane; FMOC-AEEA, fluorenylmethyloxycarbonyl chloride-aminoethoxyethoxyacetate; PEEK, poly-
etheretherketone; GS, gentamicin sulfate; FTIR, Fourier-transform infrared spectroscopy; CuAAC-SB, Cu(I)-catalyzed azide-alkyne cycloaddition; PLGA, poly(lactic-co- 
glycolic acid); HA, hualuronic acid; HACC, hydroxypropyltrimethyl ammonium chloride chitosan 
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Table 2 
Assessment of biocompatibility, infection, and bone healing in each study.  

Study Biocompatibility Assessments of 
infection 

Assessments of bone 
healing 

Outcomes 

Chae et al. 
(2020)[12] 

In vivo HE staining 
MT staining 
IHC 

X-ray 
Micro-CT 
TRAP staining 

No bacterial infection and reduced levels of local immune response in 
the rabbits implanted with LOIS. 
LOIS promoted callus formation and osteoclast activity. 
Infected group using LOIS showing same degree of bone healing as that 
of the noninfected group with bare surface. 

Chen et al. 
(2021)[13] 

In vitro test with HUVECs and 
hBMSCs: CCK-8, cell morphology, 
qPCR, IF, WB 

CFUs counting 
HE staining 

methylene blue & 
basic fuchsin staining 
HE staining 

99% S. aureus on implants was killed by FP coating and AMP coating 
Ti–125FP and Ti-125AMP reduced inflammatory cells in around tissues. 
Ti–125FP promoted vascularization in early stage and osseointegration 
between the implant and the bone. 

Li et al. (2019) 
[14] 

In vitro test with PBMCs: CCK-8, live/ 
dead assay 

HE staining Micro-CT 
HE staining 
Safranin-O/Fast 
Green staining 

PCL/PDA/AgNPs enhanced callus mineralization and osseointegration, 
increasing BV/TV and Tb.N in group implanted with PCL/PDA/AgNPs 
scaffolds. 
PCL/PDA/AgNPs scaffolds promoted bone cells attachment and 
proliferation. 

Prinz et al. 
(2017)[15] 

In vivo CFUs counting 
CRP 
HE staining 

X-ray 
HE staining 

No attachment of reversibly attached or biofilm-forming bacteria on 
copper-coated implants 
Copper coated nails increased callus formation compared in both 
infected and non-infected model but no complete fracture healing. 

Schaer et al. 
(2012)[16] 

In vivo Bacteria culture 
SEM 
HE staining 
Brown and Brenn 
staining 

X-ray 
Micro-CT 
HE staining 
Toluidine blue 
staining 

N,N-dodecyl,methyl-PEI coating eliminated the clinical signs of 
infection and completely prevented biofilm formation. 
N,N-dodecyl,methyl-PEI coating enhanced osteotomy bridging, hyaline 
cartilage formation, and the following ossification and remodeling in 
treatment group. 

Shiels et al. 
(2018)[17] 

In vivo CFU counting 
Gram staining 

X-ray 
Micro-CT 
Mechanical test 
HE staining 

SBMA+CHX coating reduced bacteria and neutrophils in the bone and 
callus. 
SBMA+CHX coating improved bone formation and increased BV/TV. 
Effect of SBMA+CHX coating was improved combining with systemic 
cefazolin. 

Stavrakis et al. 
(2019)[18] 

In vivo Bioluminescence 
imaging 
CFUs counting 

X-ray Vancomycin and tigecycline coatings reduced bacteria burden and on 
the implant surface, surrounding bone and soft tissue. 
Vancomycin and tigecycline coatings prevented osteolysis and bony 
destruction. 

Stewart et al. 
(2012)[19] 

In vivo SEM 
Brown and Brenn 
staining 

X-ray micro-CT 
HE staining 
Van Kossa staining 
Toluidine blue 
staining 

Vancomycin-loading coating decreased clinical and histological signs of 
infection and prevented biofilm formation on plates. 
Vancomycin-loading coating improved callus formation and promoted 
callus remodeling and bridging. 

Sun et al. 
(2021)[20] 

In vitro test with MC3T3-E1 and 
RAW264.7 cells: CCK-8, qPCR, SEM 
In vivo test with HE staining of liver 
and kidney 

IHC 
WBC counting 
HE staining 

X-ray micro-CT 
HE staining 
Toluidine blue 
staining 

No imaging signs of osteomyelitis in SPEEK-PDA-GS coating treated 
rats. 
SPEEK-PDA-GS lowered the local inflammation, anti-inflammatory 
factors (IL-4 and IL-10) were increased, proinflammatory factors (IL-6 
and TNF-a) and neutrophils were decreased in SPEEK-PDA-GS group. 
SPEEK-PDA-GS promoted trabecular bone formation around the 
implant, which were continuous and tightly combined with implant. 

Windolf et al. 
(2014)[21] 

In vivo CFUs counting 
Flow cytometry 
ELISA 

X-ray Lysostaphin-coated plates reduced bacteria loads and inflammatory 
level by decreasing the number of neutrophils and IL-6 levels in bones 
throughout 28-days. lysostaphin-coated group showed signs of fracture 
healing by Day 14 and complete fracture consolidation by Day 28 while 
no healing sign in control groups. 

Xue et al. 
(2020)[22] 

In vitro test with MG-63 cells: CCK-8, 
ALP enzyme activity, SEM; 
In vivo test with HE staining of liver 
and kidney 

X-ray 
HE staining 

X-ray 
Micro-CT 
HE staining 
Toluidine blue 
staining 

CaP-GS*6 and CaP-GS*9 coating decreased the number of neutrophils 
and controlled bone infection. 
CaP-GS*6 and CaP-GS*9, but not CaP-GS*3 favored the new bone 
formation around implants and enhanced implant integration with new 
bone tissue. 

Yang et al. 
(2018)[23] 

In vivo X-ray 
Bacteria culture 
CLSM 
SEM 
Giemsa staining 
HE staining 

X-ray micro-CT 
HE staining 
Stevenel’s blue and 
Van Gieson staining 
Masson’s trichrome 
staining 
TRAP staining 
Calcein staining 

PLGA/HA/HACC composite scaffold reduced the attached bacteria and 
inhibited biofilm formation on implant, decreased bacterial burden in 
femur. 
PLGA/HA/HACC scaffold promoted new bone formation and reduced 
osteoclasts, relatively complete bone morphology was found in cortical 
bone defect in rats and cancellous bone defect in rabbits. PLGA/HA/ 
HACC scaffold significantly increased cortical bone mineral density and 
increased trabecular bone formation. 

Zhang et al. 
(2014)[24] 

In vitro test with MC3T3-E1 cells: 
ALP enzyme activity 

X-ray 
HE staining 

X-ray 
HE staining 
Masson staining 

Silver-loaded coral hydroxyapatite (SLCHA) controlled bone infection. 
The 15 mm segmental defect showed relatively complete reconstrction 
when treated with silver-loaded CHA scaffold after 10 weeks, but no 
difference in bone regeneration was found between sliver-loaded CHA 
and bare CHA. 

Zhang et al. 
(2022)[25] 

In vitro test of BMSCs: CCK-8, qPCR WBC count 
CRP 
PCT 
CFU counting 
HE staining 

X-ray 
HE staining 

No visible bacteria colonies from copper-loaded PLA coated implant. 
Copper-PLA coated implant alleviated systemic inflammation. 
Copper-PLA coating accelerated fracture-end union and callus 
formation under both infection and non-infection circumstances. 

HE, hematoxylin-eosin; MT, Masson’s trichrome; IHC, immunohistochemistry; TRAP, tartrate resistant acid phosphatase; LOIS SEM, scanning electron microscope; 
PBMC, peripheral blood mononuclear cell; CCK-8, cell counting kit-8; BV, bone volume; TV, total volume; Tb.N, trabecular number; PCL, polycaprolactone; PDA, 
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demonstrated that AMP coating on Ti surface exhibited excellent anti-
microbial activity, killing more than 99% of S. aureus on implants 
therefore reducing the inflammation in bone tissues [13]. Windolf et al. 
significantly lowered the bacteria quantity in fracture site and inflam-
mation response of mice using lysostaphin-coated plates throughout the 
28-days study period [21]. 

3.6. Bone healing effect of the coatings in vivo 

A total of 12 studies conducted X-ray imaging to examine bone 
healing [18,20,22,24,12,15–17,19,21,23,25] and nine studies used 
microcomputed tomography (micro-CT) to evaluate bone formation 
[14,22,20,23,12,17,19,16]. Histological assessments including HE 
staining, safranin-O/fast green staining, tartrate resistant acid phos-
phatase (TRAP) staining, Stevenel’s blue and Van Gieson staining, 
Masson’s trichrome staining, calcein staining, toluidine blue staining 
and methylene blue & basic fuchsin staining were conducted in 13 
studies [14,24,12,13,15–17,19–23,25]. One study performed mechani-
cal tests [17]. (refer to Table 2) 

Chae et al. proved that fractures with S. aureus infection showed poor 
healing results compared to contamination-free ones. Little callus for-
mation and osteoblasts were found around the contaminated fracture 
sites when using plain plates. While plates with LOIS remarkably 
improved callus formation and activity of osteoclasts, LOIS demon-
strated the same degree of bone healing compared to that of the non- 
infected group with control plates in week 6 [12]. Sheep implanted 
with N,N-dodecyl,methyl-PEI-derivatized LCPs showed less signs of 
acute postoperative infection in clinical observation, consistently with 
enhanced osteotomy bridging and hyaline cartilage formation observed 
by digital radiography and histological examination [16]. 

Scaffolds with silver coating increased the bone volume (BV)/total 
volume (TV) ratio and trabecular number (Tb.N) in a rabbit defect 
model, and with the presence of PDA, PCL/PDA/AgNPs scaffolds 
exhibited better healing effect compared to PCL/AgNPs scaffolds [14]. 
Silver-loaded coral hydroxyapatite bone scaffolds had similar effects in 
bone healing with CHA, displaying a comparable level of bone density 
increase, cell ingrowth, new trabeculae formation, scaffold degradation 
and lamellar bone appearance [24]. Prinz et al. confirmed the 
bone-forming effect of Cu2+ in vivo by showing the increased callus 
formation in animals using a copper nail with or without bacterial 
inoculation [15]. Copper-loaded PLA coating on wires significantly 
enhanced the callus formation in fracture model with S. aureus infection, 
which also promoted healing on fracture without bacterial infection 
compared to bare PLA coatings [25]. 

Shiels et al. found that bones implanted with an unmodified wire 
showed signs of periosteal reaction, osteolysis and non-union of the 
osteotomy even when treated with systemic cefazolin (1 mg/kg) for 72 
h, whilst implantation with a SBMA+CHX coated wire led to bone 
quality improvement and signs of union. SBMA+CHX coatings also 
increased the BV/TV ratio without systemic cefazolin treatment [17]. 
Local delivery of vancomycin or tigecycline by PEG-PPS coating im-
plants prevented osteolysis and bony destruction in an open fracture 
model [18]. Endosteal callus was present in vancomycin-modified 
implant treated group but not in the group treated with control im-
plants [19]. PEEK/CaP-GS coatings with different layers of GS showed 
different treatment efficacies in rat femoral defects. In PEEK/CaP-GS*6 
and PEEK/CaP-GS*9 groups, trabecular bone formation and surround-
ing bone tissue attachment were improved compared to PEEK/CaP-GS*3 
and PEEK [22]. More trabecular bone and continuous new bone were 

found around the PDA and GS layer-modified porous PEEK 
(SPEEK–PDA–GS) implants in infected bone defect model, suggesting 
the enhanced osseointegration ability of the PDA–GS coatings [20]. 

HACC-grafted 3D-printed PLGA/HA composite scaffolds promoted 
new bone formation in both infected femoral shaft defects in rats and 
femoral condyle defects in rabbits within 8 weeks [23]. Ti implant 
coated with fusion peptide of QK and AMP showed promoted osteo-
genesis and osseointegration because of the angiogenic activity and 
vascularization of the VEGF-mimetic peptide QK [13]. Mice femoral 
defects fixed with lysostaphin-loaded PDLLA coated Ti plates showed 
signs of fracture healing on Day 14 and complete fracture consolidation 
on Day 28 while no healing sign were observed in groups using control 
plates [21]. 

4. Discussion 

In this review, we summarized the current landscape of orthopaedic 
implant coatings with antibacterial activity in preclinical studies with 
animals. We hope to offer a perspective on an optimal design of ortho-
paedic implant coating strategies for future research and treatment of 
FRI. 

4.1. MRSA-associated FRI 

Although being a commensal bacterium, S. aureus has high virulence 
and invasive ability to cause severe osteomyelitis, osteolysis and even 
sepsis [50]. Current orthopaedic infection studies mainly focused on 
S. aureus [51]. It is worth noting that S. aureus is capable of quickly 
evolving and developing resistance to antibiotics used in clinical treat-
ments [52]. Moreover, the treatment of MRSA infections is much more 
complicated. Therefore, in vivo investigations that develop novel stra-
tegies to combat MRSA infections are essential. However, none of the 
studies included in this systematic review investigated the effectiveness 
of implant coatings with the presence of MRSA in vivo. Future studies 
should be conducted to evaluate effectiveness of coatings in MRSA 
infection prevention and treatment. 

Moreover, the focus on S. aureus is certainly a limitation, as enter-
obacterales and nonfermenters are playing a substantial role as infec-
tious agents and the infections caused by these pathogens are different 
from S. aureus and require different treatment strategies [53]. 

4.2. Osteoporosis-associated FRI 

Studies have shown that osteoporotic patients are at higher risk of 
infections [54]. Osteoporotic bones with FRI also show more severe 
infection and delayed healing. Systemic antibiotics therapy was found 
ineffective in FRI model in rats with osteoporosis, possibly due to the 
bacterial colonization in the implant and cortical porosities [55]. More 
investigations are needed to develop alternative therapies targeting FRI 
in osteoporotic bones. Implant coatings that can achieve bacterial 
adhesion resistance, local control releases of antibacterial agents and 
bone formation acceleration may show promising effects in favoring 
osteoporotic bone healing [56]. 

4.3. Antibacterial coating strategies 

4.3.1. Passive coatings for anti-bacterial adhesion 
According to the action mode, strategies of antibacterial implant 

coatings can be categorized as passive coatings and active coatings [40]. 

polydopamine; NP, nanoparticle; ALP, alkaline phosphatase; CHA, coral hydroxyapatite; WST-1, water-soluble tetrazolium salt-1; WBC, white blood cell; CFU, colony- 
forming units; CRP, C-reactive protein; BMSC, bone marrow derived mesenchymal stem cell; PCT, procalcitonin; BMA, N-(3-Sulphopropyl)-Nmethacryloxyethyl-N,N- 
dimethylammonium betaine; CHX, chlorhexidine; SEM, scanning electron microscope; PEEK, polyetheretherketone; GS, Gentamicin sulfate; qPCR, quantitative po-
lymerase chain reaction; IHC, immunohistochemistry; SPEEK, sulfuric acid treated polyetheretherketone; PDA, polydopamine; IL, interleukin; TNF, tumor necrosis 
factor; HUVEC, human umbilical vein endothelial cell; FP, fusion protein; AMP, antimicrobial peptide; ELISA, enzyme linked immunosorbent assay; PLGA, poly(lactic- 
co-glycolic acid); HA, hualuronic acid; HACC, Hydroxypropyltrimethyl ammonium chloride chitosan. 
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Passive coatings are designed to prevent infection by resisting pathogens 
adhesion instead of killing them directly. This strategy usually focuses 
on modifying implant surface structure, roughness, and wettability [41]. 
The engineering of nanoscale microstructure on implant surfaces and 
increased surface roughness showed beneficial effects in preventing 
bacterial attachment [57,58]. Interestingly, both superhydrophilic and 
superhydrophobic surfaces were proved to be effective in reducing 
bacterial adhesion [59]. Polymers with high hydrophilicity such as PEG, 
HA, and zwitterionic polymers have been utilized to construct the 
superhydrophilic surfaces [60,61]. While superhydrophobic surfaces 
were fabricated with low surface energy polymers, such as fluorinated 
polymers and polydimethylsiloxane, which can achieve anti-biofouling 
effect against bacteria and proteins [62,63]. However, this anti-
adhesion property of the implant surface will not only prevent the 
attachment of bacteria but also the cells responsible for osteogenesis and 
osseointegration. It may result in inadequate integration between the 
implant and the surrounding tissues, which will lead to implant loos-
ening and poor bone healing [64]. Therefore, simple passive coatings 
may not be the ideal strategy for implants applied in fracture and defect. 
To address this problem, antiadhesive passive coatings often combine 
with bactericidal agents to construct active coatings on implants [65]. 

(refer to Fig. 2) 

4.3.2. Active coatings for bactericidal effects 
Active coatings are endowed with direct antimicrobial effects via 

utilizing bactericidal substances, including metal ions, antibiotics, 
AMPs, and enzymes [40]. Metal ions including Ag+, Cu2+, Zn2+, and 
Mg2+, which are strong broad-spectrum antibacterial agents [66]. Cu2+, 
Zn2+, and Mg2+ were reported to have additional biological activities 
helping osteogenesis and vascularization, as well as the low cytotoxicity, 
which make them good candidates for antibacterial coatings [51,67,68]. 
But it should be cautious that high level of metal ions will cause sur-
rounding tissue injuries and systemic toxicity [69]. Implant coatings 
with antibiotics can realize the local delivery of antibiotics to the frac-
ture sites with effective concentration. Strategies to achieve the 
controlled release of antibiotics and avoid toxicity are the main concerns 
of in vivo application for antibiotics-loaded coatings [70]. Furthermore, 
the application of antibiotics-loaded coatings is restricted by the prev-
alence of drug-resistant bacteria and infections caused by 
multi-organisms. Natural antibacterial agents such as AMPs and anti-
bacterial enzymes are promising alternatives of traditional antibiotics, 
they are broad-spectrum antibacterial agents with good 

Fig. 2. Schematic diagram of antibacterial implant coatings and their effects on bone repair in the presence of bacterial infection. The application of implants with 
antibacterial coatings effectively prevents or treats bacterial infection, allowing bone formation and osseointegration of implants in fracture and defect models. (A) 
The mechanism of antibacterial coating can be categorized as passive and active. Surface modification is often performed to create nano-structures in advance. (B) 
Future perspectives on implant coating development. 

B. Li et al.                                                                                                                                                                                                                                        



Journal of Orthopaedic Translation 45 (2024) 24–35

32

biocompatibility and low drug resistance [21,71,72]. More importantly, 
enzymes with antibiofilm activity can prevent the biofilm formation and 
even remove the established biofilms by degrading the bacterial exo-
polysaccharides and extracellular DNA, or by quorum quenching [73]. 
Coatings with antibiofilm enzymes can be utilized to tackle the 
biofilm-related FRI which is difficult to treat by conventional antibiotics. 

The combination of anti-adhesion coatings and bactericidal coatings 
allows to kill adhered bacteria or surrounding bacteria by releasing 
bactericidal substances, meanwhile the passive function helps to prevent 
bacteria attachment and remove the dead bacteria from implant surface, 
preventing biofilm formation and ensuring long-lasting antibacterial 
effect [74]. All implant coatings reported in the studies exhibited certain 
level of antibacterial effects and bone formation improvement under the 
situation of fracture or defect related infections. These coatings 
decreased the levels of inflammation in fracture sites through the 
reduction or elimination of bacterial infections, and subsequently 
improved the bone formation and fracture union [20,13,12,19,21]. 
(refer to Fig. 2) 

4.4. Multifunctional coating strategies 

Apart from antibacterial activity, coating strategy can further pro-
vide implants with multiple functions such as excellent biocompati-
bility, osteogenesis and osseointegration promotion, as well as 
immunomodulating ability [75]. In the cases of Cu2+-TiO2 coating and 
Cu2+-PLA coating, Cu2+ was found to promote bone formation with/-
without bacterial infection [15,25]. Coating using fusion protein of 
antimicrobial peptides and VEGF-mimetic peptides was also capable of 
improving osseointegration and osteogenesis by promoting vasculari-
zation around the implants and modulating osteoblasts activity [13]. 
Porous PEEK implant coated with PDA and gentamicin had the advan-
tage of osseointegration promotion which may benefit from the 
enhanced cell attachment on PDA coating [20]. Coatings with additional 
functions such as osteogenesis and osseointegration activity were able to 
directly enhance the bone healing [24,20,13,25]. The promotion of 
osteogenesis and osseointegration will in turn help to reduce bacterial 
adhesion and proliferation [76]. However, bone regeneration is 
depressed under the circumstances of bacterial infection, necrotic bones, 
and vascularization deficiency, which will continually lead to persistent 
infection. In view of this, future studies should investigate how to 
effectively restrain the infection and strengthen bone regeneration 
process with multifunctional coatings. The combination of 
high-efficiency bactericidal effects and bacteria attachment resistance, 
good biocompatibility, osseointegration and osteogenesis promotion 
would be a promising direction for the development of novel implant 
coatings. (refer to Fig. 2) 

4.5. The effects of antibacterial coatings on bone repair 

When fracture fragments are anatomically reduced with stable fix-
ation, the fracture will undergo primary bone healing with cutting 
cones. Intramembranous ossification occurs through Haversian remod-
eling. The other type of healing is secondary bone healing [77]. In this 
process, initially a hematoma forms around the injury site. Inflamma-
tory cells, including neutrophils, macrophages, and lymphocytes are 
found infiltrating within the hematoma, inducing acute inflammation. 
This will contribute to mesenchymal stem cells (MSCs) differentiation, 
fibrocartilaginous callus formation which bridge the bone gap, as well as 
vascularization [78]. Subsequently, fibrocartilaginous callus is calcified 
and substituted by bony callus, followed by the remodeling via interplay 
between osteoblasts and osteoclasts [79]. 

Bacterial infection negatively impacts the healing process [80]. 
Firstly, the acute inflammation is pronounced and can develop into 
chronic inflammation in the presence of invading bacteria, which re-
duces the osteogenic differentiation and migration of MSCs [81]. Sec-
ondly, excessive inflammation can interfere with normal angiogenesis 

and revascularization [82]. Thirdly, bacterial infection enhances the 
activities of osteoclasts by proinflammatory cytokines [8], which inhibit 
osteogenesis by inducing osteoblasts apoptosis [83]. The dysregulation 
between osteoclasts and osteoblasts leads to the formation of structur-
ally compromised bone [80]. Lastly, biofilm on implants can act as 
barrier, impairing implant osseointegration and causing implant loos-
ening [84]. 

The elimination of destructive bacteria by antibacterial implant 
coatings help to provide suitable conditions for the series of biological 
activities of bone repair. This contributes to a balanced osteoclast and 
osteoblast activity that allows normal fracture healing to occur [12,17, 
19,21]. Critical-sized and large-fragment defects are more complicated 
conditions in bone repair, which requires large quantity of bone 
regeneration. In these situations, three-dimensional-printed scaffolds 
have been applied in defect sites, providing porous structures for tissue 
regeneration [85]. Similarly, new bone formation was also promoted in 
porous scaffolds supplemented with antibacterial properties [14,24,23]. 
Various metals and biomaterials are occasionally used as bone graft 
substitutes to fill defect sites to provide mechanical support. Since 
bacterial infection often interferes with bone attachment onto implant 
surface, ensuring optimal biocompatibility and integration with sur-
rounding bone tissues under bacterial infection has become a challenge 
[86]. Implants with antibacterial coatings were found to have better 
osseointegration, enhancing the trabecular bone formation and bridging 
between implant and bone [13,20,22]. Interestingly, antibacterial 
coatings combined with bioactivities promote bone healing show 
promising therapeutic effects in infected bone repair. Vascular regen-
eration and reconstruction are the essential parts, which will provide 
oxygen, nutrients, and cells for bone repair. Invading bacteria may 
contribute to vascular blockage and necrosis, and can alter the inflam-
matory response to modulate the vascularization. Chen et al. found that 
the vascularization was severely impaired in the circumstance of in-
fections [13], while Gilbert et al. reported that open fractures with 
bacterial infection had greater perfusion and vascularity compared to 
non-infected fractures, which maybe results from the inflammation 
caused by bacterial infection [87]. It has been reported that inflamma-
tory cytokines such as TNF-α and IL-1β can induce expression of VEGF 
and enhance angiogenesis, and immunocytes including macrophages, 
neutrophils, and lymphocytes also play important roles in inducing 
angiogenesis-related pathway activation [88–90]. However, the 
immuno-vascular interaction in infected bone remains poorly under-
stood, and future studies should investigate the underlying mechanisms. 
(refer to Fig. 2) 

4.6. Biocompatibility of the implant coatings 

Implant coatings are required to have good biocompatibility, more 
specifically, they should exhibit desired functions without causing local 
and systemic toxicity or disturbing natural biological response [91]. 
Biocompatibility tests are mandatory for novel coatings before their 
application in clinical practice. Common biocompatibility tests evalu-
ating the cytocompatibility of the biomaterials include MTT test, CCK-8 
test, WST test, live/dead assay, cell morphology and adhesion obser-
vation, which mainly reflect the effects of the materials on cell prolif-
eration and viability [92]. ALP activity is usually conducted to examine 
osteogenic cells activity [93]. In vivo biocompatibility is mainly evalu-
ated by histological analysis of implant surrounding tissues, liver and 
kidney, animal behavior, body weight and survival [75]. Additionally, it 
is recommended to carry out hemolysis and coagulation test and ensure 
the hemocompatibility of coating materials, since there may be risks of 
thrombosis and hemolysis when implants are exposed to in vivo [94]. 

It should be noted that high level of metal ions and antibiotics may 
show negative effects on cell proliferation and viability [95,96]. In vitro 
cytotoxicity from implants releasing silver, copper or GS has been re-
ported by four studies in this review [24,22,25]. Since the metal ions and 
antibiotics mainly function in a releasing way, concentrations in blood, 
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organs and local tissues around the implants should also be monitored to 
ensure the safety in vivo. Furthermore, due to the differences in loading 
efficacy and releasing proportion of various coating strategies, it is of 
significant importance to investigate cytotoxic effect of the coatings 
prepared with different concentrations of antibacterial agents to deter-
mine their safety threshold, thereby avoiding side effects. Components 
with good biocompatibility and biodegradability such as PDA, PEG, 
PLA, polycaprolactone (PCL), and HA are recommended to include in 
the coating formulation, in order to ensure the implant biocompatibility 
and therefore improve osteointegration of the implants [51,97]. 

4.7. Recommendations on antibacterial assessments 

The assessments of orthopaedic infections caused by bacteria can be 
broadly categorized into three aspects: (1) clinical observations, hema-
tology analysis, and radiological observations to evaluate whether there 
is systemic and local infection; (2) microbiological analysis of bone 
tissues or implants; (3) histological analysis of bone tissues and sur-
rounding soft tissues to evaluate local inflammation. Most studies in this 
systematic review conducted infection assessment in all three aspects. X- 
ray imaging and HE staining were the most used methods to examine 
fracture sites infection or osteomyelitis, which can show bone structure 
changes caused by infections. However, several studies only carried out 
these two assessments to evaluate the anti-infection efficacy of implant 
coatings, which was insufficient [14,24,22]. X-ray radiography shows 
soft tissue swelling, periosteal reaction, bone lysis, and loss of trabecular 
architecture [98], whilst HE staining can show these changes at the 
histological level. X-ray radiography often does not show bone abnor-
malities at the early onset of infection [99]. Besides, S. aureus can 
directly recognize and invade osteoblasts, osteocytes, and macrophages, 
induce their apoptosis and necrosis, subsequently causing exaggerated 
inflammatory response and delaying bone formation [100–102]. Some 
bacteria that escape from eradication by antibacterial coatings may hide 
within the macrophages or osteocyte lacuno-canalicular network 
(OLCN), becoming a potential risk for next outbreak of infections [102, 
103]. Thus, microbiological examination is indispensable for the eval-
uation of antibacterial efficacy. Bacteria on the surface of implants or 
bones can be visualized by SEM or quantified roughly by culture of the 
bone and implant sample or their sonication fluids. Bioluminescence 
imaging is also a direct semi-quantitative method to evaluate the local 
bacteria burden, but it requires the inoculation of bioluminescent bac-
teria strains. While the bacteria in deep tissues need to be detected tissue 
sections staining, such as with Gram staining, Giemsa staining, Brown 
and Brenn staining, which can display the distribution of the target 
bacteria. The bone healing process is closely related to the immune 
response, and excessive inflammation caused by bacterial infection will 
dampen the bone healing [104]. Assessments of inflammation in frac-
ture sites and implant surrounding tissues will provide corroborative 
evidence for infection diagnosis as well as the improvement of bone 
healing. HE staining of infiltrated immunocytes such as macrophages 
and neutrophils is the basic histological analysis of inflammation. IHC 
analysis of proinflammatory cytokines (TNF-α, IL-6, interferon-γ) and 
anti-inflammatory cytokines (IL-4, IL-10, transforming growth factor-β) 
can better characterize the local inflammatory response [105,106]. 

4.8. The strength and limitation of this systematic review 

Several systematic reviews have been conducted to summarize the 
antibacterial efficacy of orthopaedic implant coatings with antibacterial 
property using specific substances but were mainly focused on the 
assessment of antibacterial effects in implant-related infection 
[107–109]. Only two systemic reviews analyzed the treatment efficacy 
of gentamicin-coated implant in clinical fracture treatment [110,111], 
but no review investigated the antibacterial and osteogenic effects of the 
current novel implant coatings in preclinical studies. The strength of this 
systemic review is that we provided a comprehensive summary of 

antibacterial coatings on implants used in fracture and defect models, 
where both antibacterial efficacy and their effects on osteogenesis were 
assessed. This helps to provide novel strategies for the development of 
multifunctional orthopaedic implants. Coating strategies for antibacte-
rial and osteogenesis studied only by in vitro methods were not included. 
As the function of coated implants may be interfered by the complex 
tissue environment, purely in vitro investigations may not be sufficient to 
prove their efficacy. The limitation of this review is that the comparison 
of the efficacies of different coating strategies was not conducted due to 
the differences of the infection models (animals, bacteria strains, inoc-
ulation way and quantity, devices). 

5. Conclusion 

In conclusion, the antibacterial coating strategies can reduce bacte-
rial infections in animal models and favor bone healing in vivo. S. aureus 
is the main pathogenic bacteria in orthopaedic infection studies, at the 
same time, infections caused by MDR bacteria such as MRSA require 
more attention for efficient treatments. To cope with the complex clin-
ical challenges of FRI, implant coatings could be endowed with multi-
function combining good biocompatibility, excellent antibacterial 
effects, as well as osseointegration and osteogenesis promotion. 
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