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Abstract: Copper is an essential trace element required for human life, and is involved in 

several physiological mechanisms. Today researchers have found and confirmed that Cu has 

biological properties which are particularly useful for orthopedic biomaterials applications such 

as implant coatings or biodegradable filler bone substitutes. Indeed, Cu exhibits antibacterial 

functions, provides angiogenic ability and favors osteogenesis; these represent major key points 

for ideal biomaterial integration and the healing process that follows. The antibacterial 

performances of copper-doped biomaterials present an interesting alternative to the massive use 

of prophylactic antibiotics and help to limit the development of antibiotic resistance. By 

stimulating blood vessel growth and new bone formation, copper contributes to the improved 

bio-integration of biomaterials. This review describes the bio-functional advantages offered by 

Cu and focuses on the antibacterial, angiogenic and osteogenic properties of Cu-doped 

biomaterials with potential for orthopedic applications.  
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1. Introduction  

Several situations can lead to the use of bone substitutes. It is the case, for example, after a 

trauma, a bone infection, or more generally after a local bone disease requiring bone tissue 

removal. In these situations, bone defects may occur, corresponding to a poor filling of the 

damaged area. With the increase in life expectancy, problems of bone fragility and fractures are 

also becoming more frequent, resulting in a multiplication of the number of orthopedic surgery 

procedures. Every year 2.2 million bone graft procedures are carried out worldwide [1].  

Conventional solutions present limits in terms of both quality and quantity. Indeed, the autograft 

remains the ideal transplant, since it has all the desired characteristics: perfect biocompatibility, 

enabling osteoinduction and osteoconduction with no toxicity. However, it is limited in terms 

of quantity and usually requires a second sampling site, which increases the risks associated 

with the surgical procedure. Allografts are possible, but present risks of immune intolerance in 

the recipient patient, and the osteogenic properties are not always retained, depending on the 

conservation methods used. This is why the use of synthetic bone substitutes is necessary [2]. 

These are orthopedic biomaterials whose purpose is to rebuild a deficient bone stock; they must 

be able to replace the bone and integrate the recipient tissue in a completely safe way. As a 

basic minimum, the use of synthetic material must have no harmful effect on the biological 

environment, and ideally the biomaterial must be bioactive and osteoconductive, and present 

long-term stability or bioresorbability [3]. In this paper, we focus exclusively on biomaterials 

used for orthopedic applications. These must be bioactive and designed for more interactive 

purposes than others with benign functions [4]. 

The risk of infection is an important factor that needs to be controlled during the implantation 

of a bone substitute. For elective surgeries infection rates vary from 0.7% to 4.2%, and up to 

30% in the case of third-degree open fractures [5]. Infections in bone sites are difficult to treat 

because of their deep localization in the tissue, and depend on the microorganism involved. 

Bone can be poorly vascularized tissue, and infections or trauma can lead to tissue necrosis. 

The implant is then recognized as a foreign body; bone sequestration occurs and promotes the 

persistence and relapse of infection [6]. Consequences for the patient are generally severe: 

delayed healing, often necessary iterative surgery, longer hospitalization times and therefore 

increased costs. This is why antibiotics are used in prophylaxis, to avoid the development of 

infections [7]. However, the massive use of antibiotics has led to the development of resistant 

bacterial strains [8]. In 1999, Europe set up a supervision system that tracks the increase in 

antibiotic resistance of 7 pathogenic bacteria [9]. This is especially the case for Methicillin-

Resistant Staphylococcus aureus (MRSA). During the implantation of a biomaterial, a "race for 
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surface colonization” takes place between host cells and potentially present bacteria [10]. 

Indeed, initial colonization by bone cells prevents bacteria adhesion. On the other hand, if the 

bacteria colonize the surface first, they can form a biofilm; a bacterial environment allowing 

multiplication and resistance to treatments [11]. In 2002, Karlov et al. demonstrated the strong 

adsorption of S. aureus at the surface of titanium discs coated with calcium phosphate, 

compared to uncoated discs [12]. Therefore, in recent years, research has focused on the 

development of synthetic bone substitutes providing a preventive solution to the development 

of infection. To meet the biological needs, an alternative is to chemically modify these 

biomaterials during their synthesis. This process is named chemical doping, especially with 

metals ions (such as Ag+ [13], Cu2+ [14], Fe2+ [15,16], Zn2+ [17] and Mn2+  [18] among many 

others). Co-doped materials have also been detailed in recent reviews [19,20].  It is an effective 

system because ions have an activity directly at the site of implantation, unlike antibiotics, and 

they have no toxicity at low concentration [21]. 

Copper (Cu) is an essential trace element, necessary for human development by catalyzing 

metabolic processes, and is involved in bone formation [22,23]. It also has antibacterial 

properties and promotes angiogenesis [24,25]. Thus, the Cu2+ copper cation appears to be a 

promising dopant considering its high antibacterial properties and its limited cytotoxicity [26]. 

This review focuses on the interest of using Cu for its antibacterial properties, mainly when 

combined with biomaterials. In addition, its angiogenic and osteogenic capacities are 

discussed. Both metallic (Cu°) and cationic (Cu2+, and also Cu+) forms are concerned here, 

introduced either in ceramic (bone substitutes, prosthesis coatings), composite or metallic 

(prostheses) biomaterials. 

A bibliographic search via Web of Science ®, using the search string “(copper OR Cu) AND 

biomaterial*” dates the first paper back in 1965 but shows a real takeoff in the 2000s. Since 

then, an exponential increase in the literature devoted to the topic can be observed (Figure 1). 

If we focus more on the biological aspects covered by this review using the search string 

“(copper OR Cu) AND biomaterial* AND (antibacter* OR osteogen* OR angiogen*), the first 

search result dates from 1998 and a similar increase is observed, with more than 400 papers 

published in the last 3 years (Figure 2). This review – involving more than a hundred studies – 

complements the previous review from Jin et al. on a closely-related topic [27]. This update 

was motivated by the numerous recently-published related studies based on the biological 

interest of copper in orthopedic biomaterials; nearly a quarter of the studies described in this 

work date from the past two years and almost one half are papers published after 2016. These 

include the effects of Cu ions alone and mainly of Cu-doped biomaterials in antibacterial, 
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angiogenic and osteogenic properties. First, we will detail the different types of biomaterials 

that can insert copper atoms. On this basis, the variations in their biological properties, when 

associated with Cu, will be described. This review also provides a critical analysis of the 

experimental conditions used to evaluate these biological effects. 

 

 
Figure 1. Number of articles on copper-doped biomaterials as a function of published year (for 
the search “(copper OR Cu) AND biomaterial*” from Web of Science ®). 
 

 
Figure 2. Number of articles on the biological aspects of copper-doped biomaterials as a 
function of published year (for the search “(copper OR Cu) AND biomaterial* AND 
(antibacter* OR osteogen* OR angiogen*)” from Web of Science ®). 
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Despite the promising characteristics for orthopedic applications engendered by doping with 

copper, the results in the literature show that researchers are still far from commercial success. 
This is not simply due to the regulatory burden linked to the launch of such metal-doped 

materials on the health market, but also to the difficulty of proving experimentally the intrinsic 

effect of the doping element itself. The challenge today in finalizing such a project is to combine 

in the same study the mastery of all the involved characteristics, namely the material (chemical 

composition, phase composition, forming and handling), biomechanical aspects (brittleness, 

mechanical resistance and oxidation resistance) and biological aspects (cytotoxicity, 

bactericidal, osteogenic and angiogenic properties). The difficulty, or even the impossibility, 

of extracting all this information from the literature comes from the fact that the materials 

studied and the experimental protocols used are never, or only rarely, the same. 

 

 

2. State of the art on the biological interest of copper 

2.1. Copper involved in biological processes  

Cu is an essential trace element which must be provided by external food sources and water 

[28]. This metal is required by all living organisms because it is involved in numerous 

physiological functions like respiration, production of energy, formation of tissues, 

angiogenesis, neuromodulation and several metabolic processes, where it acts as enzyme 

cofactors [22]. It is also well established that Cu is involved in the maturation and growth of 

numerous tissue collagens, and especially in bone collagen [29]. Cu appears essential for bone 

mineralization and osteoblast functions [23]. 

According to the U.S. Institute of Medicine (IOM), the suitable dosage of Cu for adults is 0.9 

mg/day, and the European Food Safety Authority (EFSA) recommends 1.6 mg/day for men and 

1.3 mg/day for women [30,31]. For adults, the tolerable upper intake level is 10 mg/day; above 

this value, damage can appear [30]. Cu is the third most prevalent mineral present in the body. 

100 mg of Cu is present in a 70 kg healthy body, with ⅔ located in the skeleton and muscles 

and the highest concentrations are found in the liver, brain, kidneys and heart [32]. 

Cu deficiency leads to several disorders such as anemia, leucopenia, myeloneuropathy and 

Menke’s disease, which causes neuronal degeneration, connective tissue and hair abnormalities 

and bone fragility [33,34]. Menke’s disease is due to mutations of the Cu-ATPase ATP7A that 

normally facilitates Cu export from enterocytes to the blood, resulting in an intestinal 

accumulation of Cu [35]. On the contrary, an excess of Cu concentration in the body is toxic 

and results in Wilson’s disease, which is a genetic disease linked to an accumulation of Cu in 
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the body and causing damage to the liver and nervous system [36]. Another clinical 

manifestation is the formation of the Kayser Fleischer ring, corresponding to a hallmark brown 

discoloration of the cornea. This ophthalmologic manifestation appears in nearly 100% of 

patients with neurological Wilson’s disease and about 50% of those with hepatic symptoms 

[37]. Alzheimer’s disease, diabetes and cancers are diseases that can be impacted by excess 

amounts of Cu due to a failure in Cu regulation and homeostasis mechanisms [32]. 

 

2.2. The use of copper as an antimicrobial in water, air and hospital environments 

Cu has been used for its anti-microbial properties for centuries; the Egyptians used it for the 

preservation of water [38]. Nowadays it is still widely used for drinking water distribution, 

because it resists corrosion and limits bacterial growth, more particularly that of enteric bacteria 

[39,40]. Other studies have shown that Cu is also effective in aquatic environments and 

ventilation systems. Swain et al. in 2014, synthesized CuO-NPs (copper oxide nanopowders) 

and demonstrated their antibacterial properties against 8 bacterial strains and 4 fungal 

organisms frequently responsible for contamination in aquaculture [41]. In 2012, Schmidt et al. 

compared the formation of biofilms after 30 weeks on Cu and Al heat exchangers. The results 

showed that bacterial concentrations in biofilms on Cu were at a much lower level than on the 

aluminum heat exchangers [42].  

Using Cu is especially interesting in hospital environments where there is a significant risk of 

nosocomial infections. Indeed, the World Health Organization (WHO) has announced that at 

any time, 1.4 million people in the world are concerned by nosocomial infections [43]. 

Considering furthermore the increase in antibiotic resistance, several studies have focused on 

using Cu on surfaces/items present in hospitals. Prado et al. showed that after 48h, MRSA, 

Klebsiella pneumoniae and Acinetobacter baumannii did not adhere to Cu samples, contrary to 

stainless steel. However, Pseudomonas aeruginosa was still able to adhere [44]. In another 

study, the nosocomial infection rate was studied for one year in an intensive care unit. Some 

patients were placed in rooms containing Cu alloy surfaces and others in traditional rooms. 

Then the proportion of patients who developed a nosocomial infection with MRSA or VRE 

(Vancomycin-Resistant Enterococcus) was compared between the two types of rooms. In 

rooms containing Cu, 7.1 % of the patients developed a nosocomial infection, compared with 

12.3% in standard rooms, demonstrating a significant reduction in the number of nosocomial 

infections thanks to Cu alloy surfaces [45].  
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It therefore appears that copper is potentially of interest for its antibacterial properties, either in 

its metallic or cationic form. The following section details the main results of relevant studies 

carried out during the past decade. The angiogenic and osteogenic properties are then presented. 

Before studying the three biological functions mentioned above, it is pertinent to approach the 

subject of cytotoxicity. Indeed, these copper-doped biomaterials should cause no toxicity when 

implanted; therefore, cytotoxicity is the first aspect to study before evaluating other properties. 

As with all biological products whose purpose is to be used in the body, the effect is dose-

dependent and may vary depending on the living cells/tissues/organisms. In the case of bone 

biomaterials, the cytotoxic effects can be evaluated using bone cells like Bone Marrow Stem 

Cells (BMSC), pre-osteoblasts, osteoblasts or osteoclasts. Cells involved in the wound-healing 

process, like fibroblasts and endothelial cells, may also be considered. In 2016, Wang et al. 

described the dose-dependent cytotoxicity of Cu2+ using fibroblasts with a critical level of 10 

mg/mL [46]. In 2019, Li et al. found dose-response relationships between Cu and 3 cell types. 

The half-maximum inhibitory concentration IC50 was 327.9 µM for human endothelial cells, 

134.6µM for mouse osteoblastic cells and 0.7µM for rat BMSC [47]. This review focused on 

the main results concerning the intrinsic biological response provided by copper doping. 

Cytotoxicity is an experimental step that needs to be evaluated first but is not an intrinsic 

property of the doping; this feature is therefore not developed further here. 

 

 

3. Copper as an antibacterial agent in biomaterials and the mechanisms involved 

In 2008 Cu was officially recognized as a metallic antimicrobial agent by the Environmental 

Protection Agency (EPA) [48]. The medical field is highly concerned by infections; in 

consequence, Cu appears to offer promising perspectives and represents an important research 

topic. This is even more challenging in the orthopedic field with the development of bacterial 

resistance to antibiotics. 

Studies on different Cu-doped orthopedic biomaterials and the antibacterial experiments 

performed are listed in Table 1. Cu is added to the composition of different types of materials 

such as calcium phosphate bioceramics, bioactive glasses, biomedical cements, biocomposites 

and coated/alloyed metals (titanium-based, stainless steel and Co-based alloys). Clinical 

applications of the different types of biomaterial can be found in the proceeding of Deb and 

coworkers [49]. 
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3.1. Doped-bioceramics 

3.1.1. Calcium phosphate bioceramics 

Calcium phosphates are the most widely-used bioceramics due to their chemical and structural 

similarities with the mineral part of bones [50]. Among them, hydroxyapatite (HAp, 

Ca10(PO4)6(OH)2) and tricalcium phosphate (TCP, Ca3(PO4)2) are often studied, alone or mixed 

together to form Biphasic Calcium Phosphates (BCP) [51–54]. BCP are interesting materials 

because of the difference in solubility of the two compounds, which enables the regulation of 

bioresorbability and the kinetic release of the ionic components [55]. 

Among bioceramics, in 2010 Stanic et al. used Cu-doped hydroxyapatite nanopowders against 

Escherichi coli, S. aureus and Candida albicans with approximately 95% of microorganism 

reduction (R%) for the 3 strains. In this study, undoped HAp also showed some bacterial 

reduction: approximately 60% reduction for E. coli and 70% for S. aureus and C. albicans [56]. 

Also in 2010, Li et al. evaluated Cu-doped HAp powders against E. coli and for all samples the 

survival rate was less than 1% after 24h. Pure HAp also has an antimicrobial effect with, 26.9% 

of bacteria surviving [57]. In 2014, Radovanovic et al., used Cu-doped BCP powders (HAp/a-

TCP) and obtained a significant R% after 24h of incubation for the 4 tested microorganisms: S. 

aureus, E. coli, P. aeruginosa and C. albicans compared to pure HAp [58]. Shanmugan and 

Gopal tested fluorapatite (FAp) and HAp doped with Cu against S. aureus, E. coli and C. 

albicans. For doped HAp, antimicrobial activity was higher against C. albicans and S. aureus 

than for E. coli. For the doped FAp the antibacterial activity was better against S. aureus and 

E. coli than the antifungal activity against C. albicans. In this study, pure HAp and FAp also 

showed some antimicrobial activity [59]. In 2019 Bhattacharjee et al. synthesized Cu-doped 

hydroxyapatite. All samples tested were effective against E. coli and S. aureus, with a 

significant decrease in bacterial viability [60]. It is also important to mention the existence of 

contradictory data in the literature. In 2017, Marques et al., evaluated Cu-doped BCP (HAp/b-

TCP) compacted pellets against E. coli and S. aureus, and no antimicrobial activity was 

demonstrated [61]. In this study several cations, including copper, showed no cytotoxicity 

issues, but only silver exhibited antimicrobial activity against Gram-positive S. aureus. 

Although the biological part of this study was not very detailed, it highlights the importance of 

the protocol used for the interpretation of bactericidal results, including the ceramic synthesis 

method, the final shaping of the materials (pellets vs. powders) and the reference used. 

 

3.1.2. Bioactive glasses 
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Bioactive glasses are amorphous silica-based materials, initially developed by L.L. Hench and 

coworkers [62], and are generally composed of SiO2, Na2O, CaO and P2O5. These biomaterials 

are known to exhibit high bioactivity; these glasses react with body fluids and form HAp at the 

interface between the material and the bone, which promotes new bone formation [63]. 

In the field of bioactive glasses, Wu et al. in 2013 worked with Cu-loaded mesoporous-bioactive 

glass with molar ratio Cu/Ca/P/Si = 5/10/5/80 and evaluated their materials against E. coli over 

1, 3 and 7 days. Already from day 1 there was a significant decrease in the number of survival 

bacteria with the doped bioactive glass. Even with the undoped material, from day 3 there was 

a significant reduction in bacteria survival [64]. In this study, Cu enabled a faster antibacterial 

effect (day 1 compared to day 3) and, as mentioned previously, it is important to have a short-

term effect to prevent bacterial adhesion to the surface of biomaterials, leading to nosocomial 

infections [10]. The same year, Palza et al. synthesized bioactive glass with Cu ions. The copper 

content of their samples (in weight percent) was 3.7 wt% and 8.4 wt%. The authors 

demonstrated antimicrobial properties and found that the bactericidal effect was lower toward 

ampicillin-resistant E. coli DH5α than Streptococcus mutans. In this study, they also 

demonstrated that antimicrobial activity is enhanced when bioactive glass samples are 

immersed for 24h before the addition of bacteria, in other words when there are more metal 

ions in the culture media [65]. In 2005 Abou Neel et al. developed phosphate-based glass fibers 

containing Cu. The tested strain was Staphylococcus epidermidis and the results indicated a 

significant reduction in the number of CFU (Colony Forming Units) with the doped material 

compared to the control [66]. In 2017, bioactive glass-ceramics containing Cu were evaluated 

against S. aureus and P. aeruginosa. The authors found that the inhibitory and bactericidal 

effects were more significant on P. aeruginosa than on S. aureus. Furthermore, for P. 

aeruginosa the doped materials showed greater efficiency compared to gentamicin (an 

antibiotic used in the medical field to treat severe infections) [67]. In another study, 

Pouroutzidou et al. synthesized Cu-doped bioactive glass nanopowders and tested their 

materials against 7 bacterial strains: Listeria monocytogenes, Bacillus cereus, S. aureus, E. coli, 

Salmonella Typhimurium, Salmonella Enteriditis and P. aeruginosa. The authors found a 

significant reduction in the bacterial growth rate for 3 strains: B. cereus, S. aureus and P. 

aeruginosa [68]. Gupta et al. tested Cu-doped bioactive glasses against E. coli and S. aureus. 

A growth inhibition zone (about 2 cm) was observed for both bacterial strains, and this 

inhibition zone was larger than the inhibition zone observed with the other dopants studied 

(silver and iron) and similar to the effect obtained with the positive control carried out with the 

antibiotic gentamicin [69]. Bari et al. studied firstly the antibacterial activity of Cu-containing 
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mesoporous bioactive glass nanoparticles and secondly the effect of their ionic dissolution 

extracts. For all tested bacteria, growth inhibition was observed with all tested samples and the 

study demonstrated a positive correlation between the extract concentrations and bacterial 

growth inhibition [70]. Still in the same year, Foroutan et al. worked with Cu-doped calcium 

phosphate glasses. All tested samples showed antibacterial activity against S. aureus, and this 

effect intensifies when the Cu content increases [71]. 

These five studies published in 2017 [68-71] showed the importance of the ionic dissolution 

products of bioactive glasses, including dopant dissolution (concentration and kinetic) in the 

context of bone tissue engineering, which was already reviewed about ten years ago by Hoppe 

et al. [72] but which remains rarely studied in the literature (Table 1). 

 

3.2. Bone cements 

Biomedical cements consist of self-hardening mixtures of a solid and a liquid phase. In 2017 

Rau et al. synthesized calcium phosphate cement composed of Tricalcium Phosphate doped 

with Cu (Cu-TCP). The self-hardening process involves the addition of monocalcium 

phosphate monohydrate (Ca(H2PO4)2×H2O) with a solution of citric acid and leads to the 

precipitation of a brushite phase (Cu-doped CaHPO4×2H2O). The hardened cement showed 

antibacterial activity exclusively against the Gram-negative strains (E. coli, P. aeruginosa and 

S. Enteriditis), whereas the growth of the Gram-positive S. aureus was not impaired [73]. The 

antibacterial activity of the copper-containing cement was significantly higher than that of its 

Cu-doped TCP precursor powder. Recently, Zhang et al. used a Cu-substituted Ca-silicate self-

curing cement (composed of Ca2SiO4) against 4 strains: P. aeruginosa, S. aureus, E. faecalis 

and E. coli. The authors found that pure cement showed a significant decrease in viable bacteria 

compared to the control within a few hours. Adding Cu enabled them to prolong the 

antibacterial effect for several more hours [74]. 

 

3.3. Biocomposites 

Biocomposite materials consist of an assembly of at least 2 components: an inorganic filler 

dispersed in a polymer matrix. Boccaccini and coworkers’ review of polymer/bioglass 

nanocomposites exposed the different preparation methods for biocompatible composites [75]. 

In 2016 Bejarano et al. worked with a biodegradable poly (D, L-lactide) (PDLLA) mixed with 

a sol-gel bioactive glass doped with 1 mol % of CuO; the final composition of the material was 

PLA/10-CuBG (10wt % of Cu-doped glass particles). The authors tested their composite 

against a MRSA. After 1 day and 3 days, antibacterial activity was around 40%, and after 7 
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days reached 98% compared to the PDLLA scaffold. In this study, samples without Cu, 

PLA/10-BG also exhibited an antibacterial effect. In fact the bacterial viability rate was 80% 

after 3 days, and 40% after 7 days [76]. The same year Wang et al., used a biocomposite aerogel 

composed of Cu-containing mesoporous bioactive glasses and nanofibrillated cellulose 

(potentially used as wound dressing materials). Their results indicated that the composite 

aerogels containing Cu significantly inhibit the growth of Gram-negative E. coli. Samples 

composed of composite aerogel without Cu and nanofibrillated cellulose alone did not show 

any antibacterial effect [46]. In 2010 Sahithi et al. developed a composite based on nano-

hydroxyapatite powders soaked with Cu and combined with polyethylene glycol (PEG 400). 

The combination of these 2 compounds exhibited significant antimicrobial activity against S. 

aureus and E. coli, and a greater effect on Gram-positive S. aureus [77]. In 2014 in the study 

of Li et al., a water-soluble Cu°/polyacrylic acid (Cu/PAA) composite was used against 4 

bacterial species: S. aureus, B. subtilis, E. coli and P. aeruginosa. Results indicated that 

Cu°/PAA could inhibit bacterial growth of the 4 strains and showed bactericidal activity against 

three of the tested strains, except for B. subtilis [78]. This composite illustrates the fact that 

copper presents effective bactericidal activity in both its cationic and metallic forms. Finally, 

in 2020, Narayanan et al. synthesized a tri-component composite containing Chitosan/Polyvinyl 

pyrrolidone with Cu-Hap, and evaluated the antibacterial properties of these composites against 

3 bacterial strains (S. aureus, B. subtilis and E. coli) and 3 fungi (C. albicans, Penicillium 

notatum and Rhizopus stolonifer). The results indicated that the addition of Cu-HAp increases 

growth inhibition for all the microorganisms tested [79]. 

 

3.4. Coating/alloying of metallic biomaterials 

Metallic biomaterials are widely used in orthopedics thanks to their mechanical properties and 

their corrosion and wear resistance. They are usually composed of  

stainless steel, or titanium, cobalt and tantalum alloys. However, these materials have no 

biological interactions with tissues. Coating/alloying is an interesting approach with a view to 

establishing and enhancing biological properties at the implant-tissue interface [80]. 

 

3.4.1. Coatings on Titanium alloys 

The interest of choosing titanium alloys for orthopedic implants was detailed in the review of 

Geehta and coworkers [81]. Concerning coatings on titanium, in 2015 Huang et al. coated 

titanium with Cu-doped HAp and obtained an antimicrobial ratio >75% against E. coli [82]. 

Kalaivani et al. worked with a Cu-doped CaSiO3 coating and evaluated its antibacterial 
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properties on E. coli and S. aureus. Results indicated that pure powder did not exhibit 

antibacterial properties, whereas there was a gradual increase of the antibacterial activity with 

the amount of Cu present in the doped coatings [83]. Recently, in 2019, Huang et al. coated 

titanium with a Cu-containing ceramic. The authors did not observe antibacterial activity 

against S. aureus but demonstrated that their Cu-doped material promoted the bactericidal effect 

of macrophages [84]. The same year, Ghosh et al. coated Cu-doped hydroxyapatite onto 

titanium with varying Cu contents and tested these samples against E. coli and S. aureus. Their 

results indicated that the number of viable bacteria decreased as the Cu content in the coatings 

increased, whereas hydroxyapatite without Cu gave results similar to those observed with the 

control. The antibacterial rate was 78% after 8h of culture for E. coli, and 83% for S. aureus. 

In parallel with this experiment, the Cu ions release during antibacterial tests were analyzed by 

ICP-MS. After 8h, for the control (hydroxyapatite without Cu) the concentration of Cu ions 

was 0.5 ppm, compared to 31 ppm for the sample with the lowest Cu content and 68 ppm for 

the sample having the highest Cu content [85]. It is important to mention that this is the only 

study referenced in which the quantities of copper released were measured during biological 

tests (Table 1). Burghardt et al. prepared titanium plates coated with galvanically deposited 

copper. The results indicated that after 6h no viable S. aureus bacteria was found in a medium 

containing Cu ions released by the coated material. After 24h of growth on the surface of the 

materials, a complete removal of adherent bacteria was observed with Cu-coated titanium plates 

[86]. In 2019, Wolf-Brandstetter et al. coated titanium implants with Cu-doped calcium 

phosphate. After 2h of culture with E. coli, coatings containing the highest amount of Cu 

showed a significantly lower number of viable bacteria, and this effect was prolonged to 12h. 

Results also indicated a reduction in adherent bacteria after 12h on the surfaces of implants 

[87].  

 

3.4.2. Coating on stainless steel 

In 2020 Akhtar et al. coated stainless steel 316L with Cu-chitosan complexes and evaluated 

their antibacterial effect against E. coli and S. aureus. Results indicated a strong effect against 

both strains after 3h with Cu-chitosan complexes, with no bacterial growth, and this effect was 

still observed after 24h. Coating with chitosan alone did not evince antibacterial activity [88]. 

 

3.4.3. Copper-bearing metals 

 Cu can also be added to the composition of stainless steel, titanium and cobalt alloys; i.e. Cu-

alloying. In 2012 Ren et al. used 317L-Cu stainless steel against E. coli and S. aureus, their 
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material shows some antibacterial effect after 2h: 20% growth inhibition for S. aureus and 40% 

for E. coli and after 12h this rate increased to 80% and 90%, respectively. Finally, after 24h the 

material killed 99% of the bacteria. In this study, the bactericidal effect observed with S. aureus 

was lower than that observed with E. coli in the first hours of the test, but finally after 24h the 

antibacterial activity was the same for the 2 strains [89]. Two years later, the same authors 

tested a Cu-bearing titanium alloy on the same 2 strains. After 24h of co-culturing, they 

observed a significant reduction in the number of viable bacteria, and this effect was 

accentuated when the Cu content was increased [90]. In 2011 Chai et al. used austenitic stainless 

steel 317L containing Cu. Quantitative bacterial analyses continuously showed (6, 12, 24 and 

48h) that the Cu-doped material inhibited bacterial growth compared to undoped 317L for both 

S. aureus and E. coli. After 48h of incubation, almost no viable bacteria were found [91]. 304 

Cu-bearing stainless steel was tested against the anaerobe Porphyromonas gingivalis in 2013 

by Zhang et al. The authors observed the morphologies of the bacteria at the surface of doped 

and undoped stainless steel. Irregular shapes and sizes were found after 2h, 4h and 6h for the 

doped material. After 8h the bacterial cells appeared fragmented. The number of viable bacteria 

slowly decreased after 2h, almost no viable bacteria were found after 8h and an antibacterial 

rate of 100% was achieved after 10h [92]. The same year, Zhang et al. evaluated an antibacterial 

titanium-Cu alloy with E. coli and S. aureus using agar diffusion assay and plate-count method. 

With agar diffusion assay, no inhibition zone was observed with the Cu-doped material 

compared to the positive control sample, consisting of antibiotic tablets with erythromycin, 

penicillin, kanamycin and gentamicin. Then authors evaluated the colonization on the material 

surfaces by the 2 bacterial strains with plate-count method and after polishing the samples to 

investigate the corrosion properties. Results indicated that no viable bacteria were found even 

after polishing, attesting a strong antibacterial effect on the surface and also inside the material 

[93]. This study shows that the bactericidal activity can come either from direct contact with 

the biomaterial or from the release into the biological medium of the doping element. In 2015 

Ma et al. synthesized Cu-bearing titanium alloy and studied the adhesive capacity of S. aureus 

on this material. All samples showed significant bacterial adhesion reduction (between 62.5% 

and 98.6%) compared to the control. Moreover, there were only a few randomly-distributed 

bacteria on the Cu-doped alloy and no formation of a complete biofilm like that observed on 

the control [94]. In 2012, Nan et al. compared the antibacterial rate of 3 stainless steels: a 

commercial type 200 steel (Cu wt% = 1.45), a custom-designed one (Cu wt%= 2.77) and a 

control without Cu. For E. coli, antibacterial rates were 0%, 76.70% and 99.99% for the control, 

the commercial type and the custom type, respectively. For S. aureus, the results were 0%, 
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99.99% and 99.99%. These results confirm the antibacterial efficiency of Cu [95]. Cu-bearing 

austenitic antibacterial stainless steel was already used against E. coli by the same authors in 

2008. After 9h of culture on the surface of the doped material the outer membrane collapsed, 

and after 24h all the bacteria were thin and shriveled. In this study the authors measured the 

amount of Cu released in the supernatant during bacterial tests, and results showed 

approximately 0.35 ppm at 1h, 0.55 ppm at 3h, 1.1 ppm at 5h and 1.4 ppm at 7h. They concluded 

that more cell damage is caused when the quantity of Cu released is increased [96]. 

Co-Cr-Mo alloys have been also widely used in total hip or knee replacements due to their 

corrosion resistance and mechanical properties. In 2016 Zhang et al. used Co-Cr-Mo and Co-

Cr-Mo-Cu alloys against S. aureus over a period of 24h. The alloy without Cu did not 

demonstrate any antibacterial activity, whereas Cu-added alloys exhibited antibacterial rates 

>94% [97]. 

 

3.5. Assessment of the effect of copper introduced into biomaterials 

3.5.1. Comparison of bacteriological results 

All these studies clearly demonstrated that the Cu used in these biomaterials has antibacterial 

activity. However, it is essential to take into account many parameters that can influence the 

results. Among these factors: the type of bacteria (Gram positive or negative), the type of tests 

used to evaluate the antibacterial effect, the experimental conditions and the variation in Cu 

content between studies. Another key factor to consider is the release rate of Cu ions (kinetic 

and amount) in the biological media. 

Bacterial strains, experimental tests and results are presented in Table 2 (bacterial activity is 

simply noted as positive (+) or ineffective (-) because it was not possible to classify 

quantitatively the bactericidal action between studies due to different protocols used). 

Regarding the strains used in the experiments, results differ according to the Gram of the 

bacteria. Gram-positive bacteria have negatively charged cell surface and a very thick 

peptidoglycan membrane (20-80 nm). Cu ions are positively charged, and thus attracted to the 

negatively-charged surface, resulting in cell damage and the apoptosis of Gram-positive. By 

contrast, Gram-negative bacteria have a very thin layer of peptidoglycan (6-15 nm) and an outer 

membrane which can represent a barrier and prevent the diffusion of Cu [70]. It was clearly 

demonstrated that Cu has an effect on bacterial membranes in the studies of Li et al. and Nan 

et al., in which morphological modifications of bacterial cells were observed [78,96]. 

Another key point regarding bacterial strains is their origin. American Type Culture Collection 

(ATCC) strains were used in all the studies previously cited; enabling comparison of the results 
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between studies [58]. It is apparent that the use of clinical strains recently isolated from patients 

with bone infections would provide a better overview of situations encountered in current 

medical practice.  

A significant factor which needs to be considered for the interpretation of the results is the 

nature of the test used and all its parameters. Among the different experiments used to evaluate 

antibacterial properties, quantitative determination of the colony forming units (i.e. viable 

bacteria) by plating on agar plates is the method most often applied in the studies. An agar 

diffusion test and the measurement of optical density are also implemented. Some other 

methods are also cited, such as MTT assay and the use of resazurin. Thus, it is difficult to 

correctly compare and interpret results from different experiments. Experiment settings also 

vary. This is particularly the case for the length of incubation (ranging from a few hours to a 

few days), for the definition of the reference (as well as positive and negative controls) and for 

the quantity of materials tested (concentrations vary from µg/mL to g/mL). In some studies, the 

undoped material has an antibacterial property but the reasons for this effect are not 

investigated.  

Finally, another aspect which is important to underline concerns the measurement of the amount 

of Cu released during experiments, and therefore the concentration of Cu involved in the 

antibacterial process. The Cu doping rates of materials are different depending on the studies; 

thus, it appears essential to know the amount of Cu responsible for the effects observed during 

bacterial tests. However, among the 37 studies cited in Table 1, only 2 measured the Cu released 

during antibacterial assays. Nan et al. used Cu-bearing austenitic antibacterial stainless steel 

with 3.8 wt% of Cu. They measured, using ICP-MS, the concentration of Cu released; results 

indicate approximately 0.35 ppm at 1h, 0.55 ppm at 3h, 1.1ppm at 5h and 1.4 ppm at 7h [96]. 

Ghosh et al. coated titanium with Cu-doped hydroxyapatite with a Cu content (atom %) of 

HA=0, B1= 2.4 et B4 = 6.6. They also measured Cu by ICP-MS after 8h with the same 

conditions used for the bacterial tests. The results show 0.5 ppm, 31 ppm and 68 ppm for HA, 

B1 and B4, respectively [85]. It is surprising to find Cu in the undoped sample (HA, perhaps 

corresponding to the detection limit) and in this study Cu concentrations are much higher than 

those cited previously (ceramic versus metal doping). These values confirm that it is necessary 

to measure Cu concentrations, since they can vary considerably between materials and therefore 

strongly influence the antibacterial results observed. As reported in Table 1, 22 studies did 

measure the Cu released but not in the exact same conditions as those used for antimicrobial 

tests (i.e. same culture medium, same concentration of material in the culture medium), so it is 

impossible to know the amount of Cu responsible for the results observed; and 13 did not 
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measure Cu concentrations at all, notwithstanding the fact that a significant copper release rate 

could cause cytotoxicity problems. 

To conclude, it appears very important to consider all the parameters mentioned above to 

correctly interpret and compare results obtained from different studies. It is, however, almost 

impossible to achieve this via the literature with the aim of deducing simple guidelines 

concerning the chemical compositions to be favored. 

 

3.5.2. Mechanisms involved in the antibacterial activity of copper 

Concerning the modes of action of Cu, several mechanisms have been described in the 

literature. The most important process is based on the redox properties of Cu; in fact, it can 

produce reactive oxygen species (ROS) in a Fenton-type reaction and ROS cause damage to 

lipids, proteins, membrane and DNA. Significant oxidative stress is caused by an increase in 

the intrinsic amount of Cu and leads to redox cycling between the different forms of Cu: Cu°, 

Cu+ and Cu2+ [98,99]. The DNA double helix contains binding sites for copper, which leads, 

after Cu2+ bonding, to disorders in helical structures and the denaturation of DNA [100]. 

Damage to the membrane is related to the fact that Cu2+ can interact with SH-groups and lead 

to their inactivation [100]. The interaction of copper with proteins was clearly demonstrated by 

Nandakumar et al. by quantitative proteomic profiling on E. coli after exposure to metallic 

copper surfaces. Results indicated that of 509 proteins identified, 209 were differently 

expressed after contact with copper. Proteins involved in efflux pumps were up-regulated and 

proteins related to biogenesis functions were down-regulated [101]. The bacterial killing 

process can be separated into 4 steps (Figure 3). First, the Cu is released from the Cu-doped 

surface/material. Secondly, cell damage begins with membrane ruptures leading to a loss of 

cytoplasmic content. Next, the production of ROS causes further cell damage by interacting 

with proteins and lipids, and finally DNA is fragmented, leading to cell death [38]. 

 

Some mechanisms can protect bacteria from the toxic effects of Cu ions: (i) active export of Cu 

from the cell with Cu-transporting ATPase pumps, (ii) sequestration of Cu by Cu-binding metal 

chaperones or metallothionein, (iii) relative impermeability of bacterial membranes and (iv) 

transformation of Cu+ into the less toxic Cu2+ form by multi-Cu oxidases [24,100]. These 

mechanisms only enable tolerance to Cu ions, delaying the deadly effects, and they are not 

considered as real resistance processes [102]. 
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Figure 3. The killing process involved in the antibacterial properties of copper. Copper ions 
are released from the doped biomaterial (1) and cause membrane damage leading to a loss of 
cytoplasmic content (2). Then the production of ROS (3) causes DNA fragmentation (4) and 
cell death.  
 

 

 

4. Angiogenic properties of Copper-doped biomaterials 

4.1. Effects of copper on angiogenesis 

After surgery or injury, the wound healing process takes place in order to repair damaged tissues 

[103]. In this mechanism, five phases occur: coagulation and hemostasis, inflammation, 

detersion and proliferation, which encompasses the major healing process and remodeling. It is 

a complex process in which various cell types and chemical mediators need to be activated and 

coordinated to enhance healing quality. Angiogenesis is the process of formation and growth 

of new blood vessels from pre-existing vessels. This physiological mechanism is critical during 

the complete wound-healing process and plays a vital role during the proliferative phase [104]. 

Recently it was shown that Cu ions bind to and interact with several growth factors involved in 

blood vessel formation [105]. Vascular Endothelial Growth Factor (VEGF) is a crucial mediator 

in the angiogenic process during the proliferative phase. Sen et al. showed that Cu sulfate 

significantly increased VEGF expression. It accelerated and improved the closure of excisional 

murine dermal wounds [106]. Angiogenin (ANG) is a ribonuclease and a strong stimulator of 

angiogenesis that interacts with endothelial cells [107]. Cu can modulate angiogenin 

transcription and affect the localization of ANG to enhance its function; moreover, it can 

negatively affect endothelial cell migration [108]. Matrix metalloproteinases (MMPs) are 

involved in the wound-healing process, in particular by regulating the activity of growth factors 
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such as VEGF and promoting cell proliferation in angiogenesis. It has been found that Cu in 

low concentrations stimulates the activity of MMPs, and high concentrations increase the 

expression of MMPs in fibroblasts [109]. 

In 2012, Pickart et al. showed that tripeptide glycyl-L-histidyl-L-lysine (GHK) has a strong 

affinity for Cu. The authors demonstrated that the complex of GHK with Cu ions (GHK-Cu) 

increases the expression of proteins such as MMPs, VEGF, collagen, elastin, fibroblast growth 

factor and nerve growth factor. In addition, this complex has an anti-inflammatory action with 

the suppression of free radicals in order to prevent oxidative stress [110]. Recently, the 

angiogenic effects of Cu nanoparticles were investigated with human fibroblast, endothelial and 

keratinocyte cells. The authors observed that Cu nanoparticles can increase cell migration in 

the 3 cell types, stimulate the proliferation of endothelial and fibroblast cells, enhance collagen 

deposition and promote skin wound healing in vivo, and do not accumulate in the liver [111]. 

Cu has beneficial effects on healing mechanisms and particularly on angiogenesis. When a 

biomaterial is implanted, the wound-healing process takes place; it is therefore rational to 

investigate if these biological properties are enhanced with Cu-doped biomaterials. 

 

4.2. Effects of copper-doped biomaterials on angiogenesis 

Studies on Cu-doped biomaterials and their angiogenic properties are listed in Table 3. Barralet 

et al. worked with a degradable osteoconductive copper-adsorbed macroporous scaffold. 

Results indicate that low doses of Cu enable the formation of micro-vessels and improve the 

wound-healing process in mice [112]. Wu et al. synthesized Cu-containing mesoporous 

bioactive glass and found a significant increase in VEGF secreted by human Bone Marrow 

Stromal Cells (hBMSC) and in alkaline phosphatase (ALP) activity – with copper 

concentrations between 14.2 and 152.7 ppm – indicating an improvement of the angiogenesis 

capacity compared to undoped materials [64]. Kong et al. worked with a Cu-doped calcium 

silicate bioceramic. The authors found that the Cu ions extracted from their material exhibited 

a significant angiogenic effect, with an increase in the vascularization of Human Umbilical 

Vein Endothelial Cells (HUVEC) and Human Dermal Fibroblasts (HDF) in co-culture and 

VEGF expression – with an optimal Cu2+ concentration of 0.7 ppm only [113]. A borate-based 

bioactive glass scaffold doped with Cu was fabricated by Wang et al. in 2014. Their results 

indicated enhanced blood vessel formation and an increase in new bone formed; in other words 

better bone regeneration in rat calvarial defects when compared to undoped material [114]. In 

2016 the same authors evaluated the angiogenesis potential of their Cu-doped borosilicate 

bioactive glass in a rat calvarial defect model after 8 weeks of implantation. Results showed a 
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much higher number of blood vessels with Cu-doped material than with undoped bioactive 

glass [115]. The same year, a biocomposite aerogel of mesoporous bioactive glass containing 

Cu and nanofibrillated cellulose was evaluated on HUVECs and 3T3 fibroblasts. The authors 

demonstrated a major increase in newly-formed vessels and a significantly higher gene 

expression of angiogenic genes in 3T3 fibroblasts [46]. In 2016, Bejarano et al. synthesized a 

composite material with PDLLA polymer mixed with Cu-doped bioactive glass. Results 

indicated that the doped composite promoted the angiogenesis marker VEGF expression of ST-

2 mice bone marrow stromal cells [76]. Recently, Romero-Sanchez et al. evaluated the 

biological effects of ionic products of Cu-containing mesoporous bioactive glass on bovine 

aorta endothelial cells (BAEC) and in vivo with zebrafish embryos. The results showed higher 

endothelial cell migration and an increase of sub-intestinal venous plexus, indicating that those 

materials promote angiogenesis [116]. In 2016, Lin et al., synthesized Cu-doped silicate 

bioactive glass scaffolds. An in vitro study was performed with mouse pre-osteoblastic cells to 

evaluate the ability of the scaffolds to support the growth and differentiation of an osteogenic 

cell line. In vivo experiments were carried out in rat calvarial defects with an implantation time 

of 6 weeks. Samples showed good cell viability, proliferation and attachment to the surface, 

comparable to the control except for the sample with the highest Cu content (2 wt% CuO). In 

vivo results showed an increase in blood vessel area with increasing Cu content. A significant 

result was obtained with the scaffolds containing the highest Cu amount compared to undoped 

material [117]. Rath et al. fabricated scaffolds of bioactive Cu-doped glass and evaluated their 

angiogenic potential with BMSC and human dermal microvascular endothelial cells (HDMEC). 

Results indicated that scaffolds in combination with BMSC enhanced angiogenic potential with 

an increase in VEGF secretion and allow the formation of endothelial tubes with HDMEC 

[118]. In 2018, Elrayah et al. worked with Cu-substituted hydroxyapatite scaffolds with several 

micro- and nano-topographic structures. Their results showed that human Endothelial Cell (EC) 

viability is dependent on the surface morphology of the scaffold and the culture time. A flower-

like shape was the most favorable structure for angiogenic proliferation in EC, and Cu-doped 

scaffolds enabled an increase in blood vessel formation after 8 weeks in a rabbit model [119]. 

Recently, Mou et al. fabricated a Cu-doped composite with a nano-calcium-deficient 

hydroxyapatite and a multi (amino acid) copolymer. Results showed that the sample doped with 

1% Cu exhibited better cell adhesion with pseudopods with rat BMSC and superior proliferation 

compared to an undoped composite. In vivo studies indicated greater blood vessel formation 

and bone regeneration with 1% doped material [120]. Finally, Zhang et al. used calcium 

phosphate cement doped with Cu and evaluated its angiogenic properties with rat BMSC and 
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HUVEC in co-culture. The results showed good activity and proliferation of both cell types, 

and an increase in VEGF expression [121]. 

 

These studies clearly demonstrate that Cu ions added to biomaterial compositions have 

beneficial effects on healing mechanisms, and particularly on angiogenesis. Effective 

concentrations of copper for angiogenesis are heterogeneous; Wu et al. indicated efficient Cu2+ 

concentrations ranging from 14.2 to 152.7 ppm [64] and Kong et al. demonstrated beneficial 

results with 0.7 ppm [113]. However, as previously explained, it is essential to take into account 

several parameters that can influence the results: the type of endothelial cells used, the in vivo 

models, the type of tests used to evaluate the pro-angiogenic effect and the different Cu contents 

between the biomaterials.  

Various endothelial cells were used to investigate angiogenic properties: HUVECS, BAEC, 

mouse pre-osteoblastic cells, HDMEC. The in vivo models used differ between studies: rat, 

mouse, zebrafish. To evaluate the angiogenic effects several parameters were investigated: 

blood vessel formation, endothelial cell proliferation, level of expression of angiogenic factors 

like VEGF and of genes characteristic of angiogenesis. As explained before, the wound-healing 

process and therefore angiogenesis is a complex process involving various cell types and 

chemical mediators that need to be activated and coordinated to be efficient. Wolf-Brandstetter 

et al. explained that it appears difficult to evaluate the pro-angiogenic effect of Cu ions using 

only in vitro endothelial cell monoculture models. The authors suggest more complex in vitro 

models like co-cultures with fibroblasts or human mesenchymal stem cells and ex vivo models 

like zebrafish embryos, or chick embryo chorioallantoic membranes, in order to show more 

clearly the impact of Cu ions on angiogenesis [87]. 

Finally, as previously described, the amount of Cu added to materials varied depending on the 

studies; thus, it is apparent that this parameter clearly modifies the concentration of Cu release 

and so the effect on in vitro and in vivo tests. Even more than the doping rate, it is the dopant 

dissolution (concentration and kinetics) which will have an impact on angiogenesis, as 

established in the review of Hoppe et al. [72]. 

 

 

5. Osteogenic properties of Copper-doped biomaterials 

5.1. Effects of copper on osteogenesis 

Osteogenesis is the process by which new bone tissue is formed, and ideally a bone substitute 

should allow this mechanism. Osteoblasts are cells derived from mesenchymal stem cells. 
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These are bone-forming cells and act by controlling mineralization by the deposition of 

hydroxyapatite crystals, producing collagen which is at the origin of the organic matrix [122]. 

The relation between angiogenesis and osteogenesis is known. Angiogenesis brings all the 

necessary elements (vascular growth, oxygen, nutrients, soluble factors and several types of 

cells) needed for osteoblasts to form new bone [123]. 

Generally synthetic biomaterials have poor osteogenic properties and in practice the addition 

of an osteogenic growth factor is often needed to achieve correct bone reconstruction. For 

example, Bone Morphogenetic Proteins (BMP) have been used successfully in bone repair, 

although some adverse biological effects were found in vivo [117]. The diamond concept 

described by Giannoudis et al. in 2007 clearly demonstrated the complex interactions needed 

for bone healing. These include 4 elements: osteogenic cells, osteoconductive scaffolds, growth 

factors and the mechanical environment [124]. It is known that Cu plays a role in the bone 

metabolism and severe Cu deficiency leads to bone abnormalities [125]. It has been shown that 

a Cu deficiency results in a decrease in bone strength in rats [126]. Additionally it has been 

found that Cu significantly increases the deposition of collagen fibers [25]. Cu has beneficial 

effects on the healing mechanism and can enhance bone formation. Cleary this is a crucial 

property when a biomaterial is implanted; it is therefore rational to investigate whether Cu-

doped biomaterials can help with bone regeneration.  

 

5.2. Effects of copper-doped biomaterials on osteogenesis 

Studies on Cu-doped biomaterials and their osteogenic properties are listed in Table 3. In 2016, 

Lin et al., synthesized Cu-doped silicate bioactive glass scaffolds. An in vitro study was 

performed with mouse pre-osteoblastic cells to evaluate the ability of the scaffolds to support 

the growth and differentiation of an osteogenic cell line. Samples showed good cell viability, 

proliferation and attachment to the surface, comparable to the control, except for the sample 

with the highest Cu content (2 wt% CuO). However, the Cu-doped materials had no significant 

effect compared to undoped samples in vitro. The effects were not significant either on in vivo 

bone formation with rat calvarial defects 6 weeks after implantation [117]. Bi et al., investigated 

the effects of a bioactive borate glass microstructure and Cu doping on bone regeneration. Their 

results indicated that the trabecular microstructure showed greater new bone formation than 

oriented or fibrous microstructures after implantation in rat calvarial defects after 12 weeks. Cu 

doping (0.4 wt.%) increased osteogenesis only for the fibrous microstructure [127]. In 2014 

Wang et al. synthesized borate bioactive glass with 3.0 wt.% CuO. With hBMSCs, the Cu-

doped biomaterials increased the ALP activity of the cells and thus had the best capacity to 
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support their osteogenic differentiation. Furthermore, results showed an increase in bone 

regeneration and blood vessel formation in rat calvarial defects at 8 weeks post-implantation 

[114]. Ewald et al., worked with brushite scaffolds loaded with Cu ions and evaluated their 

effect on the growth and activity of osteoblastic cells seeded on the scaffolds. Results indicated 

that cell activity and proliferation were increased by Cu ions, and the expression of bone 

specific proteins was enhanced. The authors demonstrated that the activity of osteoblastic cells 

also increased on brushite alone, compared to polystyrene, indicating an effect of the material 

structure also [128]. In 2015 Huang et al. worked with a Cu-substituted hydroxyapatite coating 

on titanium. Their results showed good cell proliferation with osteoblast-like cells from mouse 

skulls compared to titanium alone; however there was no significant difference between pure 

and Cu-doped hydroxyapatite [82]. Ren et al. demonstrated that after 3 days of culture, the ALP 

activity of osteoblasts and the expression of osteogenic genes such as collagen type I (ColI), 

osteopontin (OPN) and runt-related transcription factor 2 (Runx2) significantly increased for 

317L-Cu steel in comparison to undoped 317L steel [129]. In 2015, Ren et al. worked with Cu-

bearing stainless steel and demonstrated in vivo that more new bone tissue was formed around 

the Cu-doped implant [130]. Recently, in 2020, Zhang et al. worked with Cu-substituted 

dicalcium silicate cement, and the results showed that the quantitative new bone formation was 

significantly higher with Cu cement than for undoped cement [74]. Burghardt et al. prepared a 

composite with a Cu deposit on titanium alloy. With 0.1 mM of Cu2+ there was a stimulation 

of proliferation of MSC, an increase in ALP activity, a higher expression of ColI, 

osteoprotegerin (OPG), OPN and mineralization of the cells [86]. In 2010 Yang et al. worked 

on inorganic additives to calcium phosphate films. Cu deposition showed an inhibitory effect 

on osteoblast proliferation and differentiation [131]. Wu et al. prepared Cu-containing 

mesoporous bioactive glass scaffolds and tested these materials and their extracts on hBMSC. 

The authors demonstrated a significant increase in the expression of bone-related gene ALP, 

OPN and osteocalcin (OCN) in the cells [64]. D’Mello et al. evaluated the effect of Cu 

incorporation into chitosan scaffolds in vivo in rat calvarial defects. The amount of bone tissue 

regenerated was twice as high with Cu compared to the scaffold alone, and eleven times higher 

compared to empty defects [132]. Huang et al. evaluated the effects of a titanium surface coated 

with Cu on the regulation of macrophages which could interact with the osteogenic properties 

of the biomaterial. Their results indicated that macrophages grown with Cu2+ or on a Cu-doped 

substitute surface induce a favorable inflammatory environment for osteoblast cell proliferation 

and differentiation. In vivo results with rat models showed an increase in the expression of 

osteogenic markers like OCN and Runx-2 with the doped material [84]. Mou et al. synthesized 
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a Cu-doped composite with a nano calcium-deficient hydroxyapatite and a multi (amino acid) 

copolymer. The authors found an increase in the ALP activity of rat BMSCs and a higher 

mineralization level, which demonstrated a stimulation of the osteoblastic differentiation of the 

cells [120]. Finally, Zhang et al. found an increase in the osteogenic gene expression of Col I, 

ALP, OPN and Runx2 from rat BMSC cultured with cu-containing calcium phosphate cement 

[121]. 

These studies demonstrated that Cu ions added to the composition of biomaterials can have 

beneficial effects on the osteogenesis process. However, in some studies, no beneficial effect 

was found compared to undoped materials and results indicated that the positive effect comes 

from the topographic structuring of the biomaterial. Surface morphometry is also a strategy 

studied for the antibacterial improvement of biomaterials [133]. Huang et al. explained that 

material structuring plays an important role in the adhesion step of cells on the surface of the 

biomaterial, which corresponds to the first step of bone formation, whereas chemical 

composition contributes to the proliferation and differentiation steps [82]. The relationship 

between macrophage and osteogenesis is developed in the study of Huang et al. Macrophages 

are first recruited in response to physiological signals and create an inflammatory 

microenvironment. Then bone repair cells react to this inflammatory site created by the 

macrophages and migrate to the material surface to start their osteogenic role. This indicates 

that the action of macrophages is needed to promote the proliferation and differentiation of 

osteoblastic cells [84]. Rodriguez et al. found that Cu reduced the proliferation rate of MSC and 

increased their differentiation rate, indicating that Cu regulates both processes in an opposing 

manner [125]. 

Concerning the role of Cu in osteogenesis, it appears difficult to conclude concerning a specific 

effect on a specific target. Beneficial effects have been demonstrated, but the precise 

mechanisms of action are not clearly understood. As osteogenesis is a very complex 

mechanism, related to angiogenesis and including various factors, cell types and biological 

processes, it is difficult to correctly investigate, understand and describe the effects of Cu-doped 

biomaterials on this physiological mechanism.  

In addition to the chemical composition of biomaterials, such as copper doping covered in this 

review, surface properties are known to directly influence cell behavior and therefore new bone 

formation. Feng et al. demonstrated that the architecture of β-TCP scaffolds influence in vivo 

defect healing performance, with higher bone formation and vascular ingrowth [134]. A review 

concerning the impact of the porosity of scaffolds on osteogenesis indicated that high porosity 

favors bone ingrowth and osteogenesis by allowing vascularization and high oxygenation. The 
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authors also pointed out that the mechanical properties of the scaffolds can be affected, and are 

reduced with too high a porosity and too large a pore size [135]. A recent review of Xiao et al. 

reported the effects of surface structure parameters, including structure size, morphology and 

roughness, on cell behavior. The shape and size of the surface microstructure impact cell 

morphology, orientation, proliferation and adhesion force, depending on cell type. A 

combination of micro and nano-structures induce synergistic effects on the proliferation and 

osteogenic differentiation of bone marrow stem cells. Surface roughness is a key factor which 

needs to be adjusted. A rough surface can promote cell adhesion and differentiation; however, 

increasing roughness can lead to cell death. In this review the authors also reported that surface 

structure impacts osteogenesis by interacting with protein adsorption, cilia modulation and the 

immune response [136].  

It appears clearly that the surface properties of materials strongly influence processes involved 

in osteogenesis and therefore the osteointegration of orthopedic biomaterials. In a more general 

context, the biological response depends on a complex interaction between patient-related 

aspects (age, gender, metabolism, …), material properties (architecture, biodegradation, 

composition, porosity, …) and induced biological responses (cell adhesion and proliferation, 

protein adhesion, …) [137]. 

 

6. Conclusion  

This review focuses on the biological properties provided by Cu-doped biomaterials intended 

to be implanted in a bone site during orthopedic surgery. Three major properties were discussed: 

antibacterial, angiogenic and osteogenic, as they represent key steps for ideal bone repair. 

Concerning antibacterial effects, the vast majority of studies have demonstrated a positive role 

of copper. Cu ions can produce reactive oxygen species (ROS) and cause damage to lipids, 

proteins and DNA, leading to the death of the bacteria. Angiogenesis and osteogenesis are 

related wound-healing processes. Concerning angiogenesis, Cu ions have been found to bind 

and interact with several growth factors involved in blood vessel formation. For osteogenesis, 

the specific role of Cu ions is unclear, but some studies have found beneficial effects on 

osteoblastic cells. 

Regarding Cu-doped biomaterials, antibacterial properties are very often found, sometimes 

with variations in efficacy between studies, depending on various factors such as the Gram of 

the bacteria, the experimental conditions used and the Cu content of the material. Cu-doped 

biomaterials exhibited clear angiogenic abilities with the formation of new blood vessels. 

Osteogenic properties are found in some papers, with new bone formation, but are not described 
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in all studies, which indicates the presence of complex mechanisms, including the undeniable 

role of the structure of the material, and supports the fact that more studies are necessary to 

understand clearly how Cu ions interact with the physiological processes of osteogenesis.  

The lack of homogeneity concerning chemical and biological characterizations prevents the 

specification of an ideal model for orthopedic biomaterial. A harmonization between studies 

would strengthen the bio-adaptation of materials to biological requirements.  

Although it appears difficult to concluded on definite guidelines concerning ideal 

characteristics for these copper-doped materials, it is apparent that copper provides beneficial 

effects on biological properties. The very numerous recent studies devoted to the role of copper 

in biomaterials show the interest of the scientific community, and demonstrate the real potential 

of copper doping for biological/medical applications. Today we are clearly far from past fears 

linked to the alleged toxicity of this element [138] but, to our knowledge, we are also far from 

a commercial reality for orthopedic applications.  
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Table 1. Studies that evaluated the antibacterial effect of copper-doped biomaterials. 

Biomaterial Chemical composition 

Copper 

concentration 

released 

Bacterial strains tested References 

Calcium 

phosphates 

bioceramics 

FAp (Ca10-xCux(PO4)6F2) and HAp (Ca10-xCux(PO4)6(OH)2 

powders with x = 0.05 to x = 0.5 
n.s. 

E. coli 

S. aureus 

C. albicans 

[59] 

Biphasic HAp(Ca10−xCux(PO4)6(OH)2)/a-TCP powders with 

x = 0.02 or 0.04 
n.s. 

E. coli 

S. aureus 

C. albicans 

P. aeruginosa 

[58] 

 

HAp nanopowders (CuHAP1 and CuHAP2 with Cu/(Ca+Cu) 

= 0.0004 and 0.004 respectively 
n.s. 

E. coli 

S. aureus 

C. albicans 

[56] 

 

HAp pellets and powders (Cu/Ca = 0.001, 0.05, 0.1, 0.15) n.s. E. coli [57] 

BCP (HAp 50% and b-TCP 50%) powders compacted into 

pellets with Cu = 2.6mol% 
n.s. 

E. coli  

S. aureus 
[61] 

Cu-doped HApCa10(PO4)6[Cux(OH)2-2xOx] with x = 0.2, 0.4, 

0.6 and 0.8, synthesized by Wet Chemical Method and Solid 

State Method 

n.m. 
E. coli 

S. aureus 
[60] 
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Bioactive 

glasses 

Cu-loaded  mesoporous-bioactive glasses (CU-MBG): 0Cu-

MBG (molar ratio Cu/Ca/P/Si = 0/15/5/80) and 5Cu-MBG 

(molar ratio Cu/Ca/P/Si = 5/10/5/80) 

n.s. E. coli [64] 

Bioactive glass (BG) and BG with copper ions (CuBG1 and 

CuBG2 with CuO = 3.7 wt.% and 8.4 wt.% respectively) 
n.s. 

E. coli (ampicillin-

resistant) 

S. mutans 

[65] 

Bioactive glass-ceramics:  60SiO2·(32-x)CaO·8P2O5·xCuO 

with x = 0; 0.5; 1.5; 2.5 and 4(mol%) 
n.s. 

S. aureus 

P. aeruginosa 
[67] 

Bioactive glass nanopowders with composition in mol%: 60 

SiO2, 30 CaO, 7.5 MgO and 2.5 CuO 

 

n.m. 

L. monocytogenes 

B. cereus 

S. aureus 

E. coli 

S. Typhimurium 

S. Enteriditis 

P. aeruginosa 

[68] 

Copper doped bioactive glass (Cu = 2wt%) n.m. 
E. coli 

S. aureus 
[69] 

Copper-containingmesoporous bioactive glass nanoparticles: 

Cu-MBG 2% (molar ratio Cu/Ca/Si = 2/13/85) 
n.s. 

E. coli 

S. aureus 

S. epidermidis 

[70] 
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Phosphate-based glass fibers (PGF) containing CuO with 

CuO mol% = 0, 1, 5 and 10 
n.s. S. epidermidis [66] 

Cu-doped calcium phosphate glasses (CPG, CPG-Cu2, CPG-

Cu4 and CPG-Cu6 with 0, 2.2, 4.5 and 6.3 mol % of Cu 

respectively 

n.s. S. aureus [71] 

Bone cements Cu-TCP cement: Cu-substituted TCP (Cu = 0.30 wt %) 

powder with Monocalcium Phosphate Monohydrate (MCPM) 

and Carbonated Hydroxyapatite (CHA) (mass proportion 

1/0.764/0.091) mixed with citric acid (0.45M) to form 

Dicalcium Phosphate Dihydrate (DCPD, brushite) 

n.s. 

E. coli 

S. aureus 

S. Enteriditis 

P. aeruginosa 

[73] 

Cu-substituted dicalcium silicate cement: 

- C2S-5Cu = 0.06 Cu2+ (molar ratio) 

- C2S-10Cu = 0.11 Cu2+ (molar ratio) 

n.s. 

P. aeruginosa 

S. aureus 

E. faecalis 

E. coli 

[74] 

Biocomposites PDLLA (poly(D, L-lactide)) scaffolds with Copper doped BG 

particles (CuBG = 60SiO2-25CaO-1Na2O-4P2O5-1CuO in 

mol %): composite with 10 wt % of glass particles 

n.s. 
Methicillin-resistant        

S. aureus 
[76] 

Biocomposite aerogel composed of Cu-doped mesoporous 

BG (Cu-MBGs with molar ratio Si/Cu/Ca/P=75/5/15/5)) and 

nanofibrillatedcelluloseNFC: MBGSi75Cu5 (5:2) and 

NFC:MBGSi75Cu5 (10:1) 

n.s. E. coli [46] 
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Water-soluble Cu/polyacrylicacid (Cu/PAA) composites n.m. 

S. aureus 

B. subtilis 

E. coli 

P. aeruginosa 

[78] 

Nano HAp powders soaked with copper (nHAp-Cu), and 

combined with PEG 400 (nHAP-Cu/PEG 400) 
n.m. 

E. coli 

S. aureus 
[77] 

Tri-component composite: Chitosan/Polyvinyl pyrrolidone 

(CS/PVP) with Cu-HAp weight ratios (0, 20, 40, 60, and 80 

wt%) 

n.m 

S. aureus 

B. subtilis 

E. coli 

C. albicans 

P. notatum 

R. stolonifer 

[79] 

Coated/alloyed 

metals 

(Titanium, 

stainless steel 

and Co-based 

alloys) 

CuHAP coating on titanium (Ca10-xCux(PO4)6(OH)2 with x = 

0.025) 
n.m. E. coli [82] 

Copper doped CaSiO3 coated on Ti: 1x-CS, 2x-CS, 3x-CS, 

4x-CS and 5x-CS with Cu (wt%) = 1.654, 2.939, 4.399, 5.768, 

7.268 respectively 

n.s. 
E. coli 

S. aureus 
[83] 

Micro-Ti surface: TiO2 matrix with amorphous CaO, CaSiO3 

and SiO2. Cu-Hier-Ti surface: CaO·3CuO·4TiO2 and 

CaO·TiO2·SiO2 

n.m. S. aureus [84] 
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Cu-HAp coated titanium (Cu-HA-coated Ti) with Cu content 

(atom %) HA=0, B1 = 2.4, B2 = 2.7, B3 = 4.2, B4 = 6.6 

HA = 0.5 ppm * 

B1 = 31 ppm * 

B4 = 68 ppm * 

E. coli 

S. aureus 
[85] 

Titanium plates Ti6Al4V with Cu layer at 1µg/mm2 n.s. S. aureus [86] 

Cu-doped calcium phosphate based coating on titanium 

implants with Cu01 = 4.1 µg of coating and Cu03 = 25.1 µg 
n.s. E. coli [87] 

Cu-chitosan complexes coated on stainless steel 316L with Cu 

(%) = 2.93, 5.82, 11.45 and 16.50 
n.m 

E. coli 

S. aureus 
[88] 

317L-Cu stainless steel (317L-Cu SS) with (wt.%): Cr 19, Ni 

13, Mo 3.5, Cu 4.5 and Fe in balance 
n.m. 

E. coli 

S. aureus 
[89] 

Ti-6Al-4V-xCu (x = 1, 3, 5 wt%) n.m. 
E. coli 

S. aureus 
[90] 

317L = 00Cr19Ni13Mo3 and 317L-Cu = 00Cr19Ni13Mo3-

4.5 with Cu wt% = 4.5 
n.s. 

E. coli 

S. aureus 
[91] 

304 Cu-bearing stainless steel with (wt.%): C 0.016, Cr 18.52, 

Ni 8.36, Mn 0.43, Si 0.61, Cu 3.90, and Fe in balance 
n.m. P. gingivalis [92] 

Ti-Cu alloys n.s. 
E. coli 

S. aureus 
[93] 

Cu-bearing titanium alloy Ti-6Al-4V-5Cu with (wt%) 

Al/V/Cu/Fe/C/N/O/H/Ti = 

6.06/3.75/4.85/0.06/0.01/0.002/0.05/0.001/Balance 

n.s. S. aureus [94] 
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Commercial stainless steels type 200 (200-C) with 1.45 wt % 

of Cu and stainless steels enriched with 2.77 wt % of Cu 
n.m. 

E. coli 

S. aureus 
[95] 

Austenitic stainless steel (0Cr18Ni9) and Cu bearing 

austenitic antibacterial stainless steel (0Cr18Ni9- 3.8 wt % 

Cu) 

0.35 ppm, 1h ** 

0.55 ppm, 3h ** 

1.1 ppm, 5h ** 

1.4 ppm, 7h ** 

E. coli [96] 

Co-Cr-Mo-Cu alloys (Co-xCu) with 1 wt % Cu, 2 wt % and 4 

wt %. 
n.s. S. aureus [97] 

n.s.: not significative (measured but not related to antimicrobial activity) 

n.m.: not measured 

* Measured by ICP-MS after 8h with the same conditions used for bacteria growth 

** Measured by ICP-MS 
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Table 2. Antibacterial test parameters in studies with Cu-doped biomaterials. 

Bacterial 

type 

 

Bacterial strain Biomaterial Type of experiment Antibacterial 

effect* 

References 

Gram - E. coli 

Calcium phosphates 

bioceramics 

Quantitative method 

and Agar diffusion test 
+ [56] 

Quantitative method 

and Agar diffusion test 
+ [57] 

Quantitative method - [59] 

Quantitative method + [58] 

Agar diffusion test - [61] 

Quantitative method, MTT assay and 

Optical density 
+ [60] 

Bioglasses 

 

Quantitative method + [64] 

MTT assay + [70] 

Agar diffusion test + [69] 

Quantitative method and Optical density - [68] 

Biomedical cements 

Quantitative method and Agar diffusion 

test 
+ [73] 

Quantitative method + [74] 
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Biocomposites 

Optical density + [77] 

Optical density + [78] 

Optical density + [46] 

Agar diffusion test + [79] 

Coated/alloyed metals 

AFM analysis + [96] 

Quantitative method + [91] 

Quantitative method + [95] 

Quantitative method + [89] 

Quantitative method and Agar diffusion 

test 
+ [93] 

Quantitative method + [90] 

Quantitative method + [83] 

Quantitative method + [82] 

Quantitative method and Optical density + [85] 

Optical density and LIVE/DEAD 

staining 
+ [87] 

Quantitative method + [88] 

P. aeruginosa 

Calcium phosphates 

bioceramics 
Quantitative method + [58] 

Bioglasses Resazurin test + [67] 
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Quantitative method and Optical density + [68] 

Biomedical cements 

Quantitative method and Agar diffusion 

test 
+ [73] 

Quantitative method + [74] 

Biocomposites Optical density + [78] 

S. Typhimurium Bioglasses 
Quantitative method and  

Optical density 
- [68] 

S. Enteriditis 

Bioglasses Quantitative method and Optical density - [68] 

Biomedical cements 
Quantitative method and Agar diffusion 

test 
+ [73] 

P. gingivalis Coated/alloyed metals Quantitative method and SEM + [92] 

Gram + S. aureus 

Calcium phosphates 

bioceramics 

Quantitative method 

and Agar diffusion test 

 

+ 
[56] 

Quantitative method + [58] 

Quantitative method + [59] 

Agar diffusion test - [61] 

Quantitative method, MTT assay and 

Optical density 
+ [60] 

Bioglasses 

 

Resazurin test + [67] 

MTT assay + [70] 
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Agar diffusion test + [69] 

Quantitative method and Optical density + [68] 

Quantitative method + [71] 

Biomedical cements 

 

Quantitative method and Agar diffusion 

test 
- [73] 

Quantitative method + [74] 

Biocomposites 

 

Optical density + [77] 

Optical density + [78] 

Agar diffusion test + [79] 

Coated/alloyed metals 

 

Quantitative method + [91] 

Quantitative method + [89] 

Quantitative method + [95] 

Quantitative method and Agar diffusion 

test 
+ [93] 

Quantitative method + [90] 

Quantitative method + [83] 

Quantitative method + [86] 

Quantitative method and SEM + [94] 

Quantitative method + [97] 

Quantitative method - [84] 

Quantitative method and Optical density + [85] 
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Quantitative method + [88] 

L. monocytogenes Bioglasses Quantitative method and Optical density - [68] 

S. mutans Bioglasses Quantitative method + [65] 

B. subtilis Biocomposites 
Optical density + [78] 

Agar diffusion test + [79] 

B. cereus Bioglasses Quantitative method and Optical density + [68] 

S. epidermidis Bioglasses 
Quantitative method + [66] 

MTT assay + [70] 

E. faecalis Biomedical cements Quantitative method + [74] 

Yeast 

C. albicans 

Calcium phosphates 

bioceramics 

Quantitative method 

and Agar diffusion test 
+ [56] 

Quantitative method + [58] 

Quantitative method + [59] 

Biocomposites Agar diffusion test + [79] 

P. notatum Biocomposites Agar diffusion test + [79] 

R. stolonifer Biocomposites Agar diffusion test + [79] 

Antibiotic 

resistance 

E. coli (ampicillin 

resistant) 
Bioglasses Quantitative method + [65] 

S. aureus (methicillin-

resistant) 

Biocomposites 

 
Quantitative method + [76] 

*“+”= antibacterial effect and “-” = no antibacterial effect 
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Table 3. Studies of angiogenic and osteogenic properties of Cu-doped biomaterials 

Biomaterial Angiogenic properties Osteogenic properties Ref. 

Family Description Experimental method Results* Experimental 

method 

Results* 

Bioceramics Macroporous 

bioceramics scaffolds 

loaded with Cu 

Intraperitoneal 

implantation during 15 

days in mice 

ä micro-vessels 

formation 

   

[112] 

 

Cu addition to calcium 

phosphate films 
  

MC3T3-E1 culture 

(mouse pre-

osteoblastic cells) 

Primary osteoclasts 

isolated from rabbit 

long bones 

æ MC3T3-E1 

proliferation 

à MC3T3-E1 

differentiation 

æ Primary osteoclasts 

resorptive activity 

[131] 

Brushite scaffolds 

loaded with Cu 
  

MG 63 osteoblastic 

cell culture 

ä activity and 

proliferation of 

osteoblastic cells 

ä expression of bone 

specific proteins (OPN, 

integrine β-1) 

[128] 
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Cu-doped calcium 

silicate bioceramics 

HUVEC- HDF co-

culture 

ä angiogenic 

patterns (nodes, 

circles and tubes) 

ä VEGF secretion 

  

 

[113] 

Cu-substituted 

hydroxyapatite coating 

on titanium 

  

 

MC3T3-E1 culture 

(mouse pre-

osteoblastic cells) 

 

 

à cells proliferation 

 

 

[82] 

Cu-substituted 

hydroxyapatite 

scaffold 

Subcutaneously 

implantation in rabbit 

models for 8 weeks 

ä blood vessel 

formation 

  

[119] 

Bioglasses 
Cu-doped bioactive 

borate glass 
  

Implantation in rat 

calvarial defects for 

12 weeks 

ä bone regeneration 

 

[127] 

 

Cu-doped mesoporous 

bioactive glass 

scaffolds 
hBMSC culture ä VEGF expression hBMSC culture 

ä ALP activity from 

hBMSCs 

ä gene expression of 

ALP, OPN and OCN 

 

[64] 
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Bioactive Cu-doped 

glass scaffold 

hBMSC culture 

hDMEC culture 

ä VEGF secretion 

from hBMSCs 

äformation of 

endothelial tube from 

HDMEC 

  

[118] 

Borate-based bioactive 

glass scaffold doped 

with Cu 

hBMSC culture 

Implantation in rate 

calvarial defect for 8 

weeks 

ä ALP activity 

ä blood vessels 

formation 

Implantation in rat 

calvarial defects for 

8 weeks 

ä bone mineral density 

 

[114] 

 

Cu-doped silicate 

bioactive glass 

scaffolds 

MC3T3-E1 culture 

(mouse pre-

osteoblastic cells) 

Implantation in rat 

calvarial defects for 6 

weeks 

à cell viability, 

proliferation and 

attachment to the 

surface 

ä blood vessel 

formation 

Implantation in rat 

calvarial defects for 

6 weeks 

à bone formation [117] 

Cu-doped borosilicate 

bioactive glass 

scaffold 

Implantation in rat 

calvarial defects for 8 

weeks 

ä blood vessels 

formation 

   

[115] 
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Cu-containing 

mesoporous bioactive 

glass 

BAEC culture 

Zebrafish (Danio 

rerio) embryo assay 

ä cells migration 

ä number and 

thickness of 

subintestinal venous 

plexus 

  

[116] 

Biocomposite 
Cu incorporation into 

chitosan scaffolds 
  

Implantation in rat 

calvarial defects for 

4 weeks 

ä bone formation [132] 

Composite material 

with PDLLA polymer 

mixed with Cu doped 

bioactive glass 

ST-2 mice bone 

marrow stromal cells 

culture 

ä VEGF secretion 

  

[76] 

Biocomposite aerogel 

of mesoporous 

bioactive glass 

containing Cu and 

nanofibrillated 

cellulose 

HUVEC culture 

3T3 fibroblasts culture 

ä angiogenic 

patterns (branching 

point, tube length) 

ä blood vessel 

formation 

ä gene expression of 

Vegfa, Vegfc, Pdgf 

and Fgf2 for 3T3 

fibroblast 

  

 

[46] 
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Cu-doped composite 

with a nano calcium-

deficient 

hydroxyapatite and a 

multi-(amino acid) 

copolymer 

rBMSC culture 

Implantation in rabbit 

femoral defect for 12 

weeks 

ä adhesion and 

proliferation 

ä ALP activity 

ä blood vessel 

formation 

rBMSC culture 

Implantation in 

rabbit femoral 

defect for 12 weeks 

ä ALP activity 

ä bone formation 
[120] 

       

Bone cements 

 Cu-containing calcium 

phosphate cement 

mBMSC and HUVEC 

co-culture 

ämBMSC and 

HUVEC 

proliferation 

äVEGF 

mBMSC and 

HUVEC co-culture 

ä gene expression of 

Col I, ALP, OPN and 

Runx2 

[121] 

Cu-substituted 

dicalcium silicate 

cement 

  Implantation in a 

mandibular bone 

defect of rabbit for 

16 weeks 

ä bone formation [74] 

       

Coated/alloyed 

metals 

 
317L-Cu steel 

  
MC3T3-E1 culture 

(mouse pre-

osteoblastic cells) 

ä ALP expression 

ä expression of 

osteogenic genes (Col I, 

OPN, Runx2) 

[129] 
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Galvanic Cu deposit 

on titanium alloy 

  

hBMSC culture 

ä ALP expression 

ä expression of 

osteogenic genes (Col I, 

OPG, OPN) 

ä mineralization of the 

cells 

 

[86] 

 

Cu-bearing stainless 

steel 

  MC3T3-E1 culture 

(mouse pre-

osteoblastic cells) 

Implantation in the 

lateral epicondyle of 

rats for 15 days 

ä ALP expression 

ä expression of 

osteogenic genes (Col I, 

OPN, Runx2) 

ä bone mineral density 

[130] 

Titanium surface 

coated with Cu 

  SaOS-2 culture 

Implantation in rat 

femoral defect for 8 

weeks 

ä gene expression of 

OCN and Runx2 
[84] 

*ä : improvement, à:  constant, æ : decrease 

 

 

 

 

 


