
Journal of Orthopaedic Translation 29 (2021) 60–71
Contents lists available at ScienceDirect

Journal of Orthopaedic Translation

journal homepage: www.journals.elsevier.com/journal-of-orthopaedic-translation
Copper-based biomaterials for bone and cartilage tissue engineering

Yufeng Wang a,b, Wei Zhang b,c,**, Qingqiang Yao a,c,*

a Department of Orthopaedic Surgery, Institute of Digital Medicine, Nanjing First Hospital, Nanjing Medical University, Nanjing, 210006, China
b School of Medicine, Southeast University, Nanjing, 210009, China
c China Orthopedic Regenerative Medicine Group (CORMed), China
A R T I C L E I N F O

Keywords:
Copper
Tissue engineering
Bone
Cartilage
Biomaterials
* Corresponding author. Department of Orthopae
China.
** Corresponding author. School of Medicine, Sou

E-mail addresses: zhang.wei@seu.edu.cn (W. Zh

https://doi.org/10.1016/j.jot.2021.03.003
Received 14 November 2020; Received in revised f

2214-031X/© 2021 The Authors. Published by Elsev
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A B S T R A C T

Backgroud: Tissue engineering using cells, scaffolds, and bioactive molecules can promote the repair and regen-
eration of injured tissues. Copper is an essential element for the human body that is involved in many physio-
logical activities and in recent years, copper has been used increasingly in tissue engineering.
Methods: The current advances of copper-based biomaterial for bone and cartilage tissue engineering were
searched on PubMed and Web of Science.
Results: Various forms of copper-based biomaterials, including pure copper, copper ions, copper nanoparticles,
copper oxides, and copper alloy are introduced. The incorporation of copper into base materials provides unique
properties, resulting in tuneable porosity, mechanical strength, degradation, and crosslinking of scaffolds. Copper
also shows promising biological performance in cell migration, cell adhesion, osteogenesis, chondrogenesis,
angiogenesis, and antibacterial activities. In vivo applications of copper for bone and cartilage tissue engineering
are discussed.
Conclusion: This review focuses on copper’s physiochemical and biological effects, and its applications in bone and
cartilage tissue engineering. The potential limitations and future perspectives are also discussed.
Translational potential of this article: This review introduces the recent advances in copper-based biomaterial for
bone and cartilage tissue engineering. This revie could guide researchers to apply copper in biomaterials,
improving the generation of bone and cartilages, decrease the possibility of infection and shorten the recovery
time so as to decrease medical costs.
1. Introduction

Bone tissue comprises hard connective tissue that constitutes a major
part of the musculoskeletal system. The bone extracellular matrix (ECM)
contains both organic and inorganic components. The organic matter
mainly includes matrix proteins, proteoglycans, and various types of
collagen fibres, and the inorganic matter mainly comprises hydroxyap-
atite. Cells within bones include bone progenitor cells, osteoblasts, os-
teoclasts, and osteocytes [1]. Bone defects caused by trauma, tumours,
infection, or bone diseases are the most common types of injury seen in
the clinic. Currently, more than 1 million people are suffering from bone
defects in the United States and with the aging population, this number is
expected to double in the near future [2]. Severe bone defects usually
lead to patient disability, which affects their living and working abilities,
and causes a severe burden on society and the economy.
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Bone defects are divided into small bone defects and large bone de-
fects (i.e (critical-size defects, with a range exceeding 1.5 times the
diameter of the long bones). Small bone defects without infection can
heal spontaneously via debridement, while large bone defects need to be
treated surgically. Currently, the main treatment methods for large bone
defects are autologous, allogeneic, or bone graft substitutes [3]. How-
ever, the disadvantages of complex treatment steps and high
graft-rejection rates, mean that practical applications remain limited.

Articular cartilage is a kind of supportive connective tissue that covers
the epiphyseal surface of the articulating bones and acts to reduce friction
between adjacent bones. The main components of cartilage ECM are
water and mucin, which is composed of polysaccharides and proteins.
Polysaccharides include acid glycosaminoglycan (GAG), chondroitin
sulphate A, chondroitin sulphate C, and keratan sulphate. The fibres
comprise collagen fibrils, mainly type II collagen [4]. GAG and type II
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Table 1
Metal elements and their effects on human body [127].

Element Symbol Atomic
percent
(%)

Properties

Major Elements
Sodium Na 0.037 Regulation of osmotic pressure, “sodium

pump” action, acid-base balance, and
transmission of neural information

Potassium K 0.033 Prosthetic groups that stabilize internal
cell structure and activate certain internal
enzymes

Magnesium Mg 0.007 Internal structure stabilizers and
cofactors of intracellular enzymes,
assisting in DNA replication and protein
biosynthesis, maintaining bone
mechanical strength

Calcium Ca 0.22 One of the main components of bones,
teeth, and cell walls; maintaining the
permeability of blood capillary and
cytomembrane and the excitability of
neuromuscular

Trace Elements
Iron Fe 6.7 � 10�4 Hemoglobin, a component of myoglobin,

aiding mitochondrial electron to transfer
and oxidative phosphorylation

Copper Cu 1.04 �
10�5

An important cofactor for cytochrome
oxidases, an important cofactor for the
cross-linking effect of elastic fibers and
collagen in connective tissue, having an
antibacterial function

Zinc Zn 3.1 � 10�4 The main component of zincase, aiding in
forming collagen and healing wounds

Manganese Mn 1.5 � 10�6 Assisting in the synthesis of important
factors such as mucopolysaccharide,
lipopolysaccharide, glycoprotein,
hyaluronic acid, chondroitin sulfate, and
maintains the integrity of connective
tissue structure and function

Cobalt Co 3.0 � 10�7 One of the essential components of
vitamin B12, stimulating the production
of RBC, promoting the release of
bradykinin to expand blood vessels

Molybdenum Mo 4.5 � 10�8 Participating in the mutual reaction
between sulfur, iron and copper, is the
main component of molybdenum-
containing enzymes

Chromium Cr 8.9 � 10�8 Maintaining normal glucose tolerance
and blood lipid metabolism

Tin Sn 6.0 � 10�7 Promoting body growth and development
Vanadium V 1.2 � 10�8 Large doses of vanadium can inhibit ATP

hydrolase, thereby affecting the
metabolism of bone and sugar

Nickel Ni 1.5 � 10�6 Composition of Cu2 þ binding site and
albumin amino-terminal binding site
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collagen help to maintain cartilage elasticity, resist abrasion, and reduce
friction of joints. Cartilage does not contain blood vessels and lymphatic
vessels, which limits cartilage's intrinsic repair capacity. Articular carti-
lage is one of the most frequently damaged tissues from aging and joint
injury. In a research reviewing over 30,000 arthroscopic procedures,
about 60% of patients were verified to have cartilage defects, with lesion
depths involving 50% or more of the cartilage surface [5]. According to
the depth of the defects, articular cartilage defects are divided into
partial-thickness defects, full-thickness defects, and osteochondral de-
fects. Among them, partial-thickness and full-thickness defects are
limited to the cartilage layer.

Currently available cartilage repair methods include subchondral
bone drilling, cartilage transplantation, chondrocyte transplantation, and
mesenchymal cell transplantation [6]. However, despite of the temporary
relief from the symptoms of pain and swelling associated with cartilage
defects, all the above methods might contribute to the formation of
fibrous repair tissue or fibrocartilage, which lacks the full load-bearing
properties and durability of healthy articular cartilage [7]. Moreover, if
the injuries involve both bone and cartilage (i.e., osteochondral defects),
the treatment plan needs to consider both bone and cartilage repair
(Fig. 1a). However, the differences between the physicochemical and
biological properties of cartilage and subchondral bone make it very
difficult to treat them simultaneously [8].

In recent years, tissue engineering, as an alternative approach to
repair defects, has received increased attention. Tissue engineering in-
volves the use of cells, scaffolds, and growth factors to guide bone and
cartilage formation. Scaffolds made of different biomaterials, as a base
substance to load cells and growth factors, are implanted into bone or
cartilage defects to stimulate the regeneration of bones and cartilage
(Fig. 1b). Various materials have been used in bone and cartilage tissue
engineering, such as polymers, bioglasses, bioceramics, hydrogels,
metals, and alloys [9]. With the development of metal-based biomaterials
and alloys, many studies have explored the unique properties of metals
for bone and cartilage tissue engineering.

The healthy growth of the human body relies on various metal ele-
ments that play vital roles in skeleton health, such as calcium, phos-
phorus, iron, magnesium, and copper. Table 1 shows the metal elements
and their effects on the human body.

Copper (Cu) is the third most abundant essential trace element in the
body of animals and humans, and it plays an important role in main-
taining bone volume and increasing the rate of wound healing [10].
Furthermore, the copper affects many physiological processes, including
enzymatic reactions, nucleic acid synthesis, antioxidant defence, and
immune function [11]. In addition, copper is a strong antioxidant that
can eliminate free radicals and prevent cell damage, and has anti-cancer
effects [12]. Copper insufficiency is associated with certain diseases, such
as anaemia, neutropoenia (copper deficiency or hypocupraemia) and
Fig. 1. (a) Schematic diagram of cartilage defects and bone defects. (b) Schematic diagram of tissue engineering strategies.
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Table 2
Various copper-containing scaffolds.

Base Materials Copper Formats Properties Ref.

Mesoporous bioactive
glass

copper ions Osteogenesis, angiogenesis,
antibacterial, drug loading

[23]

Bioactive glass
nanoparticles (Nbg)
and alginate

copper ions Osteogenesis, angiogenesis,
cross-linking, promote the
production of BMSCs,
sustained release

[128]

Boron-containing
bioactive glass-based
scaffolds coated with
alginate

copper ions Osteogenesis, angiogenesis [25]

Chitosan/
hydroxyapatite
composite scaffolds

copper ions Osteogenesis, angiogenesis,
antibacterial, anti-
inflammatory, sustained
release

[82]

Electrospun Bioactive
Glass Nanofibers

copper ions Osteogenesis, angiogenesis,
antibacterial

[129]

mesoporous bioactive
glass and
nanofibrillated
cellulose

copper ions Angiogenesis [130]

Borosilicate glasses copper ions Osteogenesis, angiogenesis,
sustained release,
structural stability

[20]

Alginate copper ions Angiogenesis, auxiliary
cross-linking

[55]

Quercetin copper ions Osteogenesis, angiogenesis [131]
Calcium phosphate copper ions Osteogenesis, angiogenesis,

antibacterial
[132]

Bioactive glass (BG)
scaffolds

CuFeSe2 Osteogenesis,
photothermal effect, anti-
cancer

[40]

CaP scaffold with
graphene oxide

Copper
Nanocomposite

Angiogenesis, osteogenesis [29]

Ti–Cu sintered alloy Ti–Cu sintered
alloy

Antibacterial [41]

Calcium polyphosphate
scaffolds

copper
carbonate

Osteogenesis, angiogenesis,
improvement of
mechanical strength

[26]

Alginate hydrogels CuSO4 Chondrogenesis,
antibacterial

[56]

Cylindrical collagen-
based scaffold.

CuSO4 Angiogenesis [133]

Bio-composite scaffolds Cu–Zn alloy
nanoparticles

Osteogenesis, antibacterial,
porosity

[70]

Carboxymethyl
Chitosan/Alginate
Scaffolds

Cu Nanoparticles Osteogenesis, antibacterial,
angiogenesis, auxiliary
cross-linking

[30]

PDLLA scaffolds with
Cu- and Zn-doped
bioactive glasses

CuO Osteogenesis, angiogenesis,
antibacterial

[134]

Copper-bearing
stainless steel

Cu-SS alloy Osteogenesis, cell
adhesion, biocompatibility,
anti-inflammatory

[80]

Calcium phosphate
cement

Cu-TCP powders Osteogenesis, angiogenesis,
osteogenic differentiation
of BMSCs

[135]
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abnormalities of bone health [13]. On the other hand, excessive copper is
associated with adverse health effects, including damaged lungs, renal,
and liver function, and cellular toxicity via oxidative damage [14]. In
conclusion, copper is very important for the normal function of the
human body.

In the field of tissue engineering, copper has been proven to have
biological properties of stimulating endothelial cell proliferation during
wound healing by upregulating vascular endothelial growth factor
(VEGF) gene expression [15], promoting mesenchymal stem cells (MSCs)
to differentiate into the osteogenic lineage, and avoiding infections via its
antibacterial property [16]. Moreover, copper has certain physico-
chemical properties, such as improving porosity, enhancing mechanical
strength, and improving crosslinking. Copper is therefore a promising
metal that could be applied to endow functional properties for bone and
cartilage repair by directing cell behaviours as well as modifying the
physicochemical properties of biomaterials.

Hence, the aim of this review is to illustrate the recent advances of
copper-based biomaterials for bone and cartilage tissue engineering. We
firstly introduce the different forms of copper materials and then elabo-
rate the physicochemical and biological properties of copper. Finally, we
introduce the applications of copper-based materials in bone and carti-
lage tissue engineering.

2. Different forms of copper-based biomaterials

In nature, copper mostly exists in the form of compounds; however,
natural copper is of low purity [17]. To better exert its biological roles, it
is mainly used in the form of pure copper, copper ions, copper nano-
particles, copper oxide, copper alloys, and other copper compounds for
tissue engineering applications (Fig. 2).

Here, we list the previously reported copper-containing scaffolds used
in tissue engineering applications, including copper ions, copper nano-
composites, and copper alloy (Table 2).

2.1. Pure copper

Pure copper refers to copper metal, which is a soft, malleable, and
ductile metal with a pinkish-orange colour. Copper tends to slowly react
with oxygen to form a layer of brown-black copper oxide [17].

Copper is one of the few metals that occurs in nature in a directly
useable metallic form. It is usually extracted from mines and then puri-
fied to obtain copper simple substance [17]. However, copper, as a heavy
metal, has notable toxicity if used in high doses [18], and pure copper is
easily oxidized [19], which restricts its direct application in tissue
engineering.

2.2. Copper ions

Copper ions are the free form of copper, including Cu2þ and Cuþ.
Compared with other forms, copper ions are relatively easier to obtain
and apply. For example, copper chloride, copper sulphate, and certain
other copper salts can be dissolved in water to obtain solutions with
copper ions in a controllable concentration. To mix copper ions into base
materials, it is most common to dissolve copper minerals into water or
ethanol then dry the copper-doped materials.

Many studies have fabricated scaffolds using copper ions. For
example, CuCl2 was dissolved in ethanol and then mixed into a
Fig. 2. Different formats of copper. (a) Copper simple substance; (b) Copper io

62
mesoporous bioactive glass (MBG) scaffold [18]; copper ions released
from CuSO4⋅5H2O were crosslinked with alginate to produce a
copper-containing alginate scaffold [19]; CuCl2 and Cu(NO3)2 were also
used to fabricate bioglass scaffolds [20–22]; Cu(NO3)2 was dissolved in
ethanol to produce copper-doped mesoporous silica nanospheres [16].

However, it is hard to control the release kinetics of copper ions,
ns; (c) Copper oxide powders; (d) Copper alloy; (e) Copper nanoparticles.
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whichmay result in irregular crosslinking or excessive cytotoxicity. Thus,
copper ions tend to be mixed with some base materials to acquire syn-
ergetic properties and reduce cytotoxicity [20]. Various
copper-containing materials have been fabricated [21], such as Cu
doping into calcium phosphates [22], into silicate glasses [23], into
phosphate-based glasses [24], and incorporated with polymer coatings in
bioactive glass scaffolds [25] (Table 2). Wang et al. fabricated bioglass
(BG)–Cu scaffolds, allowing a more stable release of copper, a lower
degradation ability, and better angiogenic properties [20]. Li et al. dis-
solved copper carbonate in phosphoric acid and mixed it with calcium
polyphosphate to fabricate a copper-doped calcium polyphosphate scaf-
fold [26].

2.3. Copper nanoparticles

Copper nanoparticles (CuNPs) are a unique format of biomaterials,
referring to a material ranging from 1 to 100 nm in diameter [27]. They
have unique properties that differ from large particles, such as a fine
microstructure [28]. CuNPs include pure copper nanoparticles, CuO/-
Cu2O nanoparticles [29], and copper-containing compound nano-
particles. Commercial CuNPs and CuO NPs can be purchased directly
from companies, such as Sigma [30] and Merck [13,30]. Some other
methods of producing CuNPs have been applied, such as the chemical
reduction approach [31] and the Cu-polyethylenimine method [32].

Traditionally, the format of copper added into biomaterials are cop-
per ions. Despite of their convenience and inexpensiveness, some mate-
rials mixed with copper ions directly might undergo copper burst release
because of their unstable structure, leading to cytotoxicity and fast
degradation. In contrast to copper ions, CuNPs have shown more ad-
vantages. Firstly, CuNPs could stabilize the physiochemical structure of
scaffolds. Copper nanoparticles are more chemically stable than copper
ions when added into another material and can release Cu2þ ions in a
gradual and stable manner [33], which maintains the stable crosslinking
of the base materials, leading to a uniform structure and enhanced sta-
bility. Lu et al. demonstrated that the gradual release of Cu2þ from CuNPs
could control the cross-linking process of the polymer mixtures, turning
the scaffold into an interconnected well-distributed porous structure
[30]. Moreover, CuNPs could directly change the structure of the scaf-
folds. Kumari et al. found that the CuNPs with an average size of 5.31 nm
are very well dispersed and that the CuNP layer completely filled the
pores of the scaffold [31]. Zhang et al. reported that CuNPs could cover
the scaffold surface and fill the gaps of the original material [34], thereby
enhancing cell adhesion.

Secondly, nanoparticles show more controllable and stable release of
copper ions than copper salts because of their ordered structure, leading
to less cytotoxicity than that elicited by copper ions. Some studies
showed that scaffolds containing CuNPs showedmore stable degradation
and stable release of copper ions, leading to lower cytotoxicity [29,30].
However, the ion release mechanism of nanoparticles has not been fully
studied, and their release kinetics require further investigation.

2.4. Copper oxide

Inorganic metallic elements or their oxides are often applied in bio-
materials to improve their biological properties and physicochemical or
mechanical performance [35,36]. Common copper oxides include Cop-
per (II) oxide (CuO) and Copper(I) oxide (Cu2O). Cu2O has good anti-
bacterial properties but has high cytotoxicity; therefore, it is rarely used
in medicine. In contrast, CuO is more cytocompatibility and shows some
advantages, including its lower price, easy mixture with various poly-
mers, and relative stability in terms of its chemical and physical prop-
erties [37].

As a common metal oxide, the production of copper oxide is easy and
the output is high. Copper oxide can be produced by heating copper with
oxygen and can be obtained by decomposing copper nitrate, copper hy-
droxide, and basic copper carbonate.
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Some methods have been tried to add CuO into scaffolds, such as the
robotic deposition (robocasting) method [38] and doping method [39];
however, different materials have different abilities to combine copper
oxide, thus the content and concentration of CuO needs to be adjusted
according to the base materials. For example, the addition of CuO can
decrease the degradation rate of the 13–93 bioglass scaffolds while in-
crease that of the 45S5 bioglasses [38,39].

Copper oxide plays a role in improving the physical structures and
biological activity of biomaterials. Ali et al. verified that CuO could in-
crease the compressive strength, flexural strength, and elastic modulus of
scaffolds [16]. Zhang et al. designed a graphene oxide-copper nano-
composite-coated porous calcium phosphate, and reported the prolonged
release of copper ions, and the enhanced adhesion and stronger osteo-
genic ability of rat bone mesenchymal stem cells (BMSCs), without
obvious cytotoxicity [29].

In addition to the direct use of CuO, CuO nanoparticles are also a
research hotspot. Sahmani et al. combined natural hydroxyapatite (n-
HA) with different weight fractions of CuO nanoparticles to investigate
its effects on bone tissue engineering, and achieved great synergetic
properties of apatite formation, enhanced compressive strength and
structural stability, and increased osteogenesis [13].

2.5. Copper alloys

Copper alloys are another major category of copper-containing
composites. An alloy is a combination of metals combined with one or
more other elements such as copper-zinc alloy, copper-gold alloy, and
copper-titanium alloy. Copper is often combined with other metals by
sintering. For example, red gold is the combination of gold and copper,
and sterling silver is the combination of silver and copper. Some new and
unique properties can be imparted to the new alloy material.

In past researches, various copper alloy scaffolds have been fabricated
such as CuFeSe2 alloy for the photothermal treatment of tumours, which
also showed great antibacterial, osteogenic, chondrogenic, and angio-
genic properties [40]. Ti–10Cu sintered alloy showed strong
anti-infective properties toward Staphylococcus aureus in rabbit back
muscles [41]. Ti–Cu alloy also showed in vitro osteogenic and
anti-infectious properties in MG-63 cells [42]. Moreover, copper-bearing
alloy (Ti6Al4V–6Cu) displayed anti-inflammatory and angiogenic prop-
erties for human umbilical vein endothelial cells (HUVECs) [43]. In
addition, Mg–Cu alloys showed enhanced mechanical properties,
long-lasting antibacterial activity against S. aureus, and osteogenic effects
in MC3T3-E1 cells and HUVECs [44]. Although in vitro tests have clarified
the value of Cu alloys, more in vivo experiments need to be carried out. At
the same time, the degradation, compatibility, and mechanical strength
of the alloy still need to be explored.

3. Properties of copper as a biomaterial

3.1. Porosity

The porosity and pore size of scaffolds are important for cell prolif-
eration, cell differentiation, ECM secretion, and neo-tissue formation
[45]. Many studies have focused on the interaction of copper with scaf-
fold pores. Tripathi et al. found that Cu–Zn particles added into scaffolds
could distribute uniformly, resulting in a porous architecture [70]. Shi-
kha et al. demonstrated that the addition of copper nanoparticles into the
scaffold increased the pore size to provide a better strength with
enhanced stiffness [31]. This might be caused by the aggregation of
nanoparticles on the surface of the scaffold and an increase in the
compactness of the scaffold. Thus, particles attached to the surface might
induce a change in biological activity because of their effects on scaffold
morphology. Moreover, the addition of copper has been proven to make
the pores of scaffolds distribute more uniformly. Li et al. demonstrated
that the addition of copper into calcium polyphosphate scaffolds gener-
ated more uniformly-distributed pores compared with the copper-free
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scaffolds [26]. Lu et al. found that the porous structure in the base
scaffolds was not as well distributed as that of scaffolds mixed with
copper [30].

Uniform and even pores are beneficial for cell penetration, bone
formation, and vessel formation. However, this effect might be related to
the copper concentration. Kargozar et al. found the mesoporous bioactive
glasses containing 2 mol% of copper showed a higher exposed surface
area and pore volume than those containing 5 mol% of Cu [46]. Fig. 3
shows that different copper concentrations result in different pores of
scaffolds, leading to different mechanical properties. Kumari et al.
fabricated scaffolds with copper nanoparticles and proved that they
provided better strength to the scaffolds, with increased stiffness and
firmness [31].
3.2. Mechanical strength

Mechanical strength often involves indicators such as stiffness, brit-
tleness, tensile strength, compressive mechanical strength, and elasticity
[47].Many studies have shown that copper in biomaterials affects the
stiffness and elasticity of scaffolds. Makris et al. demonstrated that
neo-cartilage in culture medium containing copper sulphate showed
improved compressive properties because of enhanced crosslinking and
decreased water content caused by copper [48]. Broomell et al. observed
increased hardness and modulus with the addition of copper ions into
nereid jaws, and hypothesised that copper would displace a significant
amount of water and bind with matrix proteins [49]. Li et al. observed
that 0.1% copper-doped calcium polyphosphate scaffolds showed better
compressive mechanical strength than control copper-free calcium pol-
yphosphate scaffolds control group. Copper may make the crystal grains
of calcium polyphosphate connect more tightly, thus improving the
compressive strength [26]. CuO [17] and copper nanoparticles [31]
added into scaffolds have been shown to increase compressive strength,
such as stiffness and elastic modulus.

Although many studies have reported that the incorporation of
Fig. 3. Scanning electron microscopy micrographs of scaffolds without and with c
chitosan þ 75% Gelatin þ0% copper, (c) 75% chitosan þ 25% Gelatin þ0% copper, (d
þ0.02% copper, (f) 75% chitosan þ 25% Gelatin þ0.03% copper.
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copper could improve the mechanical properties of scaffolds, there is still
a lack of systematic evaluation. Different copper formats, copper con-
centrations, and combination methods need to be further investigated to
maximize the role of copper in improving the mechanical properties of
scaffolds.

3.3. Degradation

Degradation of scaffolds is very important for tissue regeneration. The
degradation performance of scaffolds is not only related to the mechan-
ical properties of the scaffold itself, but also to the stability of the
repairing environment. Too fast degradation will lead to instability of the
scaffolds, making it difficult to provide sufficient mechanical support;
while too slow degradation will hinder new tissue ingrowth and cause
chronic inflammatory response [50].

Research has proven that the incorporation of copper into bio-
materials will affect their degradation rate. The degradation rate of some
scaffolds increased, such as copper-containing calcium polyphosphate
[28], while some decreased [38]. Kumari observed that after the addition
of copper nanoparticles, the rate of biodegradation gradually decreased,
thereby providing better stability to the cells [31]. However, the degra-
dation rate is also affected by the copper concentration. For example, Li
et al. found that a low dose of copper in scaffolds did not change the
degradation rate significantly, but a higher copper content did increase
the scaffolds’ degradation rate [28].

Copper can indeed change the degradation rate; however, different
materials have different effects. When constructing new materials, the
degradation rate must be measured, and the stability of the scaffolds and
the release trend of copper ions must be evaluated to ensure stability and
safety.

3.4. Cross-linking

Copper ions are able to act as cross-linking agents to cross-link
opper nanoparticles: (a) 50% chitosan þ 50% Gelatin þ0% copper, (b) 25%
) 50% chitosan þ 50% Gelatin þ0.01% copper, (e) 25% chitosan þ 75% Gelatin
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polymers immediately and spontaneously during the preparation of
natural polymeric materials [30]. Cations of copper, iron, and zinc can,
by coordinating with multiple ligands, function as noncovalent
cross-linkers of polymers [51]and protein scaffolds [52]. As divalent
cations, Cu2þ could play an important role in the cross-linking reaction,
and the cross-linking effect of Cu2þ ions might occur in mannuronic
residues (M-blocks) and the mannuronic residues-guluronic acid
(MG-blocks), in a similar way as was described for Zn2þ ions [53]. Ions
with a larger radius are expected to fill a larger space between the blocks
of alginate polymer and collagen, resulting in a tighter structure [54].

Caccavo et al. thought that copper's stimulation of crosslinking is
weaker than that of calcium; however, Diego et al. stated the process
should last longer for copper compared with that for calcium [55]. They
also demonstrated that increasing the ionic strength during crosslinking
in an alginate solution could enhance the mechanical properties. Ele et al.
showed that copper sulphate was able to significantly increase both the
number of cross-links as well as the tensile properties of the tissue [48].
This might be because activation of lysyl oxidase (LOX) by copper sul-
phate can catalyse the formation of pyridinium (PYR) cross-links.

Some factors can affect the crosslinking process. The higher the
concentration of copper ions, the more intensive is the cross-linking
process, resulting in the release of structural water from the alginate
hydrogel, with a consequent decrease in hydrogel dimensions and
porosity [56]. Lu et al. found that adding the Cu2þ solution directly to the
anionic polymer solution led to immediate spontaneous cross-linking of
the natural polymers [30]; however, the distribution of Cu2þ was hard to
control, which was consistent with previous findings that it was difficult
to prepare natural polymer scaffolds with a homogeneous distribution of
Cu2þ ions [57]. Different factors, such as pH value, temperature, and the
microenvironment could affect the role of copper in crosslinking.

Therefore, copper can promote the cross-linking of alginate, collagen,
and other materials to change their mechanical properties; however, the
interaction between copper and base materials, such as cross-linking
speed and cross-linking structure, is still difficult to control.

4. Biological performance in vitro

4.1. Cytotoxicity

In tissue engineering, biocompatibility is the top priority for the in
vivo repair of defects. There is a general consensus that the cytotoxicity of
copper is attributed to high concentration of Cu2þ ions and their asso-
ciated oxidative pathways [58–61]. A previous study demonstrated that
the best concentration of Cu2þ ions for maintaining high bioactive effi-
cacy, but low cytotoxicity toward mammalian cells, is 10�5 to 10�4

mol/L [62].
However, Saeid et al. found that 1 mmol/L copper nanoparticles

exhibited a combination of very low cytotoxicity and no haemolysis to
human red blood cells, but showed strong antibacterial properties in vitro
[46]. Nanoparticles could control the release of copper ions, leading to
this phenomenon. In a human squamous cell culture study, Akher et al.
demonstrated cellular proliferation and viability were enhanced after the
addition of 3 mol% CuO into the glass scaffolds [16], indicating that
using an appropriate concentration of CuO did not show cytotoxicity.
However, Singh et al. reported that the cell the proliferation rate
decreased with increasing copper concentration [63]. Therefore, it is
clear that a possible burst release and a higher concentration of copper
could be cytotoxic and provide unfavourable conditions for cell attach-
ment and growth.

Cytotoxicity will damage the cellular environment and should be
restricted within a reasonable range. The copper releasing ability varies
in different copper-containing materials; therefore, when fabricating a
novel scaffold, the copper concentration, the form of copper, and the
form of the basic materials should considered.
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4.2. Cell migration

Cell migration is a comprehensive multi-step process involving the
coordination of complex biochemical and biomechanical signals to
rearrange or aggregate similar cells to enhance their biological effects
[64]. As an important part of tissue engineering, the migration ability on
the scaffold plays a great role in tissue repair.

Heavy metals like copper show cytotoxicity at high concentrations;
however, copper can also improve cell migration under controlled
dosage. Alizadeh et al. explored the influence of copper nanoparticles on
cell migration, concluding that copper nanoparticles could enhance the
quantity and speed of migration of human dermal fibroblasts (HDFs),
human embryonic kidney (HEK) cells, and HUVECs. However, this
improvement depends on copper's concentration and size [65]. Dang
et al. combined a CuFeSe2 alloy with bioglasses (BGs) and found that the
scaffold could improve the migration of rabbit BMSCs with more cellular
pseudopodia than those on BG-only scaffolds [40]. In addition,
copper-doped borate bioactive glass [73] allowed faster migration and
better potential to form tubules of HUVECs. Copper-containing meso-
porous glass could promote the cell migration of bovine aortic endo-
thelial cells [74], and Mg–Cu alloy showed better cell migration of
HUVECs and MC3T3-E1 cells than pure Mg [44].

Some researchers have explored the effect and mechanism of copper
on cell migration. Chen et al. demonstrated that the migration of adipose-
derived stem cells was promoted in standard culture medium supple-
mented with 20 μM copper, an effect caused by the regulation of the
activity of cytoskeletal proteins, which then activated the Rac-PAK sig-
nalling pathway [66]. Chen et al. demonstrated that copper ions could
enhance the migration of rat BMSCs in complete medium and they
thought that this effect was mediated in part by the stimulation of the
hypoxia inducible factor 1 subunit alpha (HIF1α)-Rho family GTPase 3
(RND3, also known as RhoE) pathway [67]. Moreover, Milewska et al.
showed that copper promotes the migration and recruitment of human
adipose derived MSCs by stimulating the production of stromal
cell-derived factor-1α (SDF-1α) [68,69].

Although copper could enhance cellular migration, the concentration
of copper should be tailored to avoid cytotoxicity. Proper cell migration
will help cell homing and cell proliferation. However, there are few
studies on bone and cartilage tissue engineering, and the effect of copper
on cell migration in these fields should be explored.

4.3. Cell adhesion

Cell adhesions, including cell–cell and cell-environment, are essential
for tissue formation [30]. Tripathi et al. demonstrated that the amounts
of cells adhered to a copper-containing scaffold were significantly
increased, without toxicity, compared with the copper-free scaffolds
[70]. In addition, Mg–Cu alloy showed better cell attachment and
spreading of HUVECs and MC3T3-E1 cells than pure Mg [44]. CuFeSe2
alloy could sustain the attachment and proliferation of rabbit BMSCs, and
further induced the formation of new bone in bone defects, even after
photothermal treatment [40]. It has been reported that increased cell
adhesion would lead to better cell matrix interaction and cell distribution
on the scaffolds. Lu et al. found more typical filopodia among MC3T3-E1
cells and higher expression of filamentous actin, which proved that the
cell adhesion and cell morphology of copper-containing scaffolds were
better than those without copper [71].

Some studies have explored the mechanism of copper's improvement
in cell adhesion. As has been reported, Integrin α/β subunit genes are
responsible for the early adhesion of cells [72]. The known receptors of
integrins and their ligand can be bound by metal ions such as Cu2þ. Lu
et al. found that the expression of integrin on copper-containing scaffolds
occurred earlier than that on the copper-free scaffold, followed by pro-
liferation and migration of the attached cells, thus activating the adhe-
sion and actin cytoskeleton signalling pathway genes (FAK (focal
adhesion kinase), PXN (Paxillin), and VCL (vinculin)) [30,73]. The
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proteins encoded by these genes can increase focal adhesion formation,
regulate the actin cytoskeleton structure, and promote cell spreading
[74].

4.4. Osteogenesis

Copper is essential for the metabolism of the skeleton, and copper
deficiency leads to bone abnormalities [75]. Copper deficiency can
reduce the activities of monoamine oxidase and LOX, leading to increases
in the solubility of bone collagen and damage to the connection of pep-
tide chains, which in turn damages the stability of bone collagen and
reduces bone strength [76,77].

Some researchers reported the pro-osteogenic effect of Cu2þ ions on
BMSCs and preosteoblasts [23,78]. Copper has been shown to regulate
the proliferation and osteogenic differentiation of human MSCs [85].
However, Rodriguez et al. indicated that osteogenic differentiation was
enhanced, while cell proliferation was decreased, when human MSCs
were cultured in a copper-supplementedmedium [79]. This decrease was
concentration dependent.

Zhang et al. fabricated an oxide-copper coated scaffold and showed
that the osteogenic gene expression of ALP (alkaline phosphatase) and
OCN (osteocalcin) in the copper-containing group was highest compared
with that in the control groups. The results indicated that the Cu coatings
facilitated cell adhesion and enhanced growth and osteogenic inductive
capacity on BMSCs (Fig. 4.) [29]. In addition, copper-containing meso-
porous bioglass scaffolds cultured with human BMSCs [18],
copper-containing alginate scaffolds and copper-containing chitosan
scaffolds [23], and copper-containing stainless steel cultured with
MC3T3-E1 cells all showed high expression of osteogenesis-related
genes, enhanced calcium deposition, and increased bone formation and
mineralization. Copper has also been proven to stimulate ALP activity
and osteogenic gene expression in vitro, as well as enhance new bone
formation around the implants in vivo by improving the adhesion and
proliferation of osteoblasts on the steel surface [80].

Obviously, copper can promote the adhesion and proliferation of
osteoblasts as well as osteogenic differentiation of MSCs; however, the
underlying mechanisms are not fully understood. It has been reported
that HIF-1α might be a critical mediator of copper in accelerating bone
regeneration by regulating both angiogenesis and osteogenesis [81].
Zhang et al. demonstrated that the Cu-containing group activated the
expression of HIF-1α, VEGF and bone morphogenetic protein 2 (BMP-2)
by inhibiting Von Hippel-Lindau (VHL) tumor suppressor and activating
the phosphorylation of extracellular signal-regulated kinase (ERK)1/2
[82]. Li et al. concluded that copper regulates the HIF-1α signal pathway
Fig. 4. Histological analysis of newly formed bone tissues. (a) Eight weeks after sur
green lines, in the defect regions. Blue arrows indicate blood vessels perfused with M
0.01). (c) The statistics of the percentage of new bone area in the defect regions (n
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and then mediates VEGF expression to stimulate osteogenesis and
angiogenesis [26]. In addition, the osteogenic protein expression of
Runx2 can be enhanced via stimulating Akt cell signalling pathway,
which was observed in 316L-Cu SS [83]. Zhao et al. showed that osteo-
blast activity was also related to the Integrin β1/FAK/ERK pathway [84].

In conclusion, copper has shown great in vitro osteogenic properties;
however, how to combine copper with materials to make them suitable
for the ECM and to play a role in osteogenesis in vivo remains to be further
studied.

4.5. Chondrogenesis

In addition to promoting osteogenic differentiation, some studies
have found that copper also promotes chondrogenic proliferation and
differentiation. In cellular medium with copper ions, copper plays a
significant role in maintaining the formation of proteoglycan and
collagen II of cartilage [85,104,105], which are important components of
the cartilaginous matrix [86,87]. Madz et al. demonstrated that copper
ions at 60 μmol/L in a copper-alginate hydrogel could enhance the pro-
duction of glycosaminoglycan and the proliferation of chondrocytes,
promoting the chondrogenic differentiation of MSCs and the maturation
of chondrocytes [56]. Makris et al. demonstrated in mediums supple-
mented with copper sulphate, the activity of LOX to form collagen
cross-links was enhanced, increasing the strength and integrity of
neo-cartilage [48]. Lin et al. cultured copper-incorporated bioactive
glass-ceramics extracts with chondrocytes and observed increased
chondrocyte proliferation, enhanced expression of chondrocyte-specific
genes (COL2 (collagen type 2), SOX9 (SRY-box transcription factor 9),
ACAN (aggrecan)), and elevated levels of type II collagen protein
compared with those in the copper-free group.

Copper plays a significant role in cartilage metabolism by promoting
the synthesis of insulin-like growth factor 1 (IGF-1), which is the major
growth factor in chondrogenesis [89]. The release of IGF-1 promotes
chondrocyte growth and proliferation [90], and the expression of carti-
laginous genes [91], via autocrine and paracrine mechanisms, thus
contributing to cartilage regeneration. Besides, some studies indicated
that copper could promote chondrocyte proliferation, differentiation and
synthesis of the cartilage matrix by promoting the secretions of IGF-1,
IGF-binding protein-3 [92], and transforming growth factor-β (TGF-β)
[93]. In addition, the enhanced LOX activity stimulated by copper
upregulates the proliferative effect of hydroxylysine, leading to the for-
mation of GAG and collagen [48]. In addition, the copper could also
enhance the expression level of HIF-1α, activate the HIF-1α pathway and
elevate the expression of type II collagen protein and NCAD protein [94].
gery, the longitudinal sections were imaged to display the new bones, shown as
icrofil. (b) The statistics of the blood vessels number (n ¼ 6; **represents p <

¼ 6; **represents p < 0.01).
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Further studies are needed to determine the precise underlying mecha-
nisms of copper's improvement on chondrocyte maturation and chon-
drogenic differentiation.

4.6. Angiogenesis

New vessels act as conduits to provide nutrients, immune cells, and
growth factors to help repair bone defects. Studies have demonstrated the
ability of copper ions to promote in vitro endothelial cell proliferation and
to stimulate VEGF gene expression to promote angiogenesis [95,96].
Previous research suggested that a lack of copper could suppress the
formation of blood vessels by downregulating the expression of certain
copper-binding proteins [97,98].

Copper ions are particularly involved in cell growth and angiogenesis
[99]. Barralet et al. found that copper-loaded bioceramic scaffolds not
only provided directional vascularization, but also improved wound
healing compared with that of copper-free scaffolds [100]. More
recently, G�erard et al. showed copper ions added to a 3D culture system
could significantly promote vascularisation [96]. Zhang et al. demon-
strated that scaffolds with oxide-copper nanocomposites had a better
angiogenic effect than the copper-free scaffolds in rat cranial bone de-
fects, indicating an in vivo angiogenic effect [29]. Lu et al. added copper
into alginate scaffolds, and observed more collagen with small blood
vessels in the copper-containing scaffolds [30]. The appropriate amount
of copper can stimulate collagen cross-linking and promote angiogenesis;
however, it does not increase the load-bearing capabilities of blood
vessels significantly [101].

The concentration of copper affects the angiogenesis process. Erol
et al. demonstrated that low doses of copper sulphate (0.56 mg/mL)
enhanced angiogenesis on silicate scaffolds and a 10-fold dose (5.6 mg/
mL) enhanced the growth of wound tissue [25]. Therefore, an appro-
priate concentration should be determined to achieve the maximum ef-
fect of copper ions on angiogenesis. The concentration of copper ions also
affects the capillary formation and length. Diego et al. showed that the
higher the concentration of copper, the longer the formed capillaries
because of copper's effects on the crosslinking of vessels [55].

The mechanism that copper promotes angiogenesis is mainly via the
HIF-1α pathway. In a study of Cu-containing mesoporous bioactive glass
(MBG), both Cu-MBG scaffolds and their ionic extracts stimulated the
expression of HIF-1α and VEGF in human BMSCs [23]. Zhang et al.
demonstrated that copper promoted the activation of HIF-1α via the
ERK1/2 signalling pathway [29]. Lukas et al. concluded that copper
could stimulate eukaryotic cells by inducing the overexpression of the
VEGF and CCND1 (cyclin D1) genes, stimulating angiogenesis and cell
proliferation [82]. Although most studies show that copper enhances
angiogenesis mainly through the HIF-1α pathway, Li et al. thought that
this effect is not VEGF-dependent, but is endothelial nitrous oxide syn-
thase (eNOS)-dependent in a HUVECmedium with copper sulphate [12].
Hence, the mechanism of copper's promotion of angiogenesis remains to
be further determined.

4.7. Antibacterial effects

A major problem after implanting biomaterials in the human body is
infection, which could cause implantation failure. How to minimize the
possibility of infection is a major point of consideration. All forms of
copper, such as copper ions, nanoparticles, and alloys, have antibacterial
properties. Studies have shown that the effective antibacterial ingredient
of copper-containing materials are mainly copper ions released from
compounds [102].

Several studies provided evidence of the remarkable antibacterial
effect of copper ions. Kim et al. produced copper-containing hydroxy-
apatite (HA) and reported that it exhibited a strong antibacterial effect on
Escherichia coli and S. aureus [103]. Higher concentrations of copper ions
on the surface of HA nanoparticles allowed faster diffusion of toxic Cu
ions to the surrounding medium, penetrating and killing bacterial cells
67
[104]. Rau et al. added 5 wt % of CuO to 45S5 bioactive glass and
demonstrated effective activity against the gram-negative bacteria [105].

A high concentration of copper ions might have a strong antibacterial
effect; however, it also has obvious cytotoxicity, thus the appropriate
concentration should be determined. In addition, the slow and stable
release of Cu ions is conducive to long-lasting repair and antibacterial
effect. When exploring the suitable antibacterial concentration, a sus-
tained and slow release of copper should be maintained to avoid the
cytotoxicity induced by the burst release of copper ions.

The antibacterial effect of copper correlates with its concentration in
extracellular environment. It was reported that in vitro cytotoxic con-
centration is 10�4 mol/L and the minimum inhibitory concentration
(MIC) is 10�5 mol/L for copper ions [88–90]. Within this window of
concentrations, it can be anticipated that the material will be antibac-
terial without being cytotoxic. However, Lu et al. found that 1mmol/L Cu
nanoparticles exhibited a combination of very low cytotoxicity and a
high antibacterial effect (above 99% bacterial reduction) in vitro. This
might be related to the unique properties of the nanoparticles, which
release copper ions at a slow and stable rate; therefore, the actual copper
concentration of the extracting solution should be monitored.

The mechanism of copper's anti-bacterial effects is not completely
understood. Generally, metal ions exert antibacterial effects by damaging
bacterial proteins and nucleic acids [107], disrupting the ultra-structures
of bacteria-cell binding and promoting DNA cleavage [108]. Cu2þ

released from the materials strongly binds to thiol groups through the
electrostatic forces imparted by Cu2þ in the active sites of surface pro-
teins in bacteria. This damages the functional groups of proteins, and
blocks enzyme activities by denaturing proteins and damaging DNA,
thereby destroying the constituents of the cell membrane, such as lipo-
polysaccharide, and interrupting transport protein activity and ion
permeability [82,109,110]. However, some study reported that Cu2þwas
observed to interfere with the replication 16 S rRNA genes, but without
damage to DNA [111]. Therefore, whether copper damages DNA directly
remains to be determined.

Other studies have shown that copper ions are involved in the for-
mation of reactive oxygen species (ROS) [82], which can produce free
radicals that have detrimental effects on cell respiration [30]. Studies
also reported that Cu exerts its antibacterial function by alternating be-
tween the redox states of Cuþ and Cu2þ ions [112,113]. Moreover,
through redox cycling between Cu2þ and Cuþ, copper can catalyse the
production of ROS and facilitate the attack of free radicals on amino
acids, thus leading to substantial protein alterations and protein cleavage
[109].

5. Applications of copper biomaterials

5.1. Bone tissue engineering

When developing a new type of biomaterial, in vivo studies are
required to evaluate its suitability for specific applications. The animals
used for bone and cartilage tissue engineering research are mainly mice,
rats, rabbits, sheep, pigs, and monkeys. Monkeys, with similar physio-
logical and anatomical characteristics to humans, are the most ideal
model; however, the cost is too high and the number of monkeys is small,
making their wider use difficult. Large animals, such as pigs and goats,
are rarely used because of the high cost and difficulty in feeding. Histo-
logical evaluation with imaging data, such as BMD (bone mineral den-
sity) and TBV (total bone volume) can reflect new bone formation. In
addition, certain commonly used staining methods, like haematoxylin
and eosin (HE) staining and Safranin O staining, could show the status of
tissue repair, and the formation of neo-bone, neo-cartilage, and other
tissues.

Mice and Rats are widely used because of their low cost and easy
access to surgery. Copper-containing scaffolds implanted into rodents
showed good osteogenesis and angiogenesis abilities. Copper also
showed good biocompatibility and inflammatory properties [23,34].
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Moreover, copper-containing biomaterials not only promoted osteo-
genesis in the callus, but also upregulated the callus remodelling effi-
ciency, leading to an early and mechanically stable recovery of the
fractured femur [114]. However, the effects on tissue regeneration might
be concentration-dependent. Lin et al. observed enhanced bone regen-
eration along with blood vessels and fibrous tissue in bioactive glass
doped with 2.0 wt.% CuO; however, the 0.4 and 0.8 wt.% groups did not
show much angiogenesis in the neo-bone [38].

Rabbits are of moderate size, with proper femoral condyle of the knee
joint for surgery, which is suitable to establish bone and cartilage defects.
Prinz et al. applied copper-containing nails to fix tibia fractures of rab-
bits, which demonstrated enhanced bone formation together with sig-
nificant antibacterial performance [115]. In addition, copper-bioglass
scaffolds also showed great osteogenic properties in a rabbit femoral
condyle osteochondral defect model [94].

Among large mammals, goats are frequently used for research. Li
et al. demonstrated that copper-containing bioactive glass nanocoating
on polyethylene terephthalate (PET) artificial ligaments (Cu-BG/PET)
could promoted osteogenesis and angiogenesis in the repair of bone
defects in goat femurs and tibias [116].

In conclusion, the application of copper in bone tissue engineering
has been reported by many studies. Copper-containing scaffolds can
promote bone repair and regeneration because of its pro-osteogenic, pro-
angiogenic, and antibacterial properties. However, current research
mostly uses small animals (such as mice and rats), and there are still few
large animal studies. To stimulate the human body structure, more large
animal studies are encouraged.

5.2. Cartilage and osteochondral tissue engineering

The cartilage lacks a blood supply and is difficult to regenerate under
natural repair processes. There is much in vitro evidence for the role of
copper in promoting cartilage regeneration. Copper affects cartilage
matrix remodelling [86] and evidence suggests that copper deficiency
can lead to defects in collagen cross-linking of neo-cartilage [87]. How-
ever, few in vivo experiments have been conducted and the mechanism is
unclear. Given the significant pro-osteogenic and chondrogenic proper-
ties of copper in vitro, studies were conducted to verify its property of
repairing osteochondral defects. Copper-containing scaffolds could not
only enhance the formation of fibrous tissues and new cartilage in rats
[114], but also promote the production of new hyaline-like cartilage
tissues in rabbits. In addition, a smooth and well-integrated interface
between the newly-formed cartilage and subchondral bone was found in
copper-bioglass scaffolds, and the tide mark closely resembled to the
surrounding natural tissue [94]. Xu et al. reported copper-induced pro-
motion of MSC chondrogenesis and observed enhanced formation of new
cartilage tissue with the deposition of GAG, together with elevated
expression of cartilage-related genes such as SOX9, ACAN, and COL2,
which confirmed copper-induced improvement of chondrogenesis [117].

As revealed in previous reports, chondrocytes are in a hypoxic envi-
ronment and HIF1α plays an important role in the hypoxic environment
[23,118,119]. The copper ions released by copper-containing materials
promoted the activation of the HIF signalling pathway, thereby pro-
moting the expression of SOX9, COL2, and ACAN [120]. Further exper-
iments showed that Cu2þ released from Cu-bioactive glass ceramic (BGC)
scaffolds played an important role in promoting the differentiation of
chondrocytes and the repair of cartilage by activating the HIF pathway,
which then further promoted the anti-inflammatory M2 phenotype and
elevated the secretion of anti-inflammatory cytokines in macrophages to
reduce the damage to cartilage tissue [106].

Osteochondral defects involve cartilage layer and subchondral bone
layer defects, which have different physiochemical and biological char-
acteristics. To achieve simultaneous repair of subchondral bone and
cartilage, the scaffold is required to be multifunctional and have osteo-
genic and chondrogenic properties. Lin et al. revealed that the defects of
Cu-BGC groups were most covered with newly formed bone tissue and
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fibrous tissues, while the osteochondral defects still existed in the blank
control (Fig. 5). They demonstrated that Cu-BGC possesses the ability to
facilitate the regeneration of osteochondral tissue [94].

5.3. Antibacterial and anti-infection effects

Copper has been proved to have remarkable antibacterial and anti-
infectious effects for long time and many copper-containing materials
have been applied for medical use. In 2008, with enough scientific evi-
dence, copper was registered by the U.S. Environmental Protection
Agency (EPA) as the first and only metal with antibacterial properties
[121]. Some novel alloys containing copper have been synthesized such
as Mg–Cu alloy [44],Ti–Cu alloy [122], Ti–Mo–Cu alloy [123] and
Ti6Al4V–6Cu alloy [43], which show prospective medical application in
bone implantation, preventing postoperative infection.

Copper has been added into many kinds of mature medical alloy
implants to play an extra role in preventing bacterial infections. Liu et al.
showed that copper-bearing titanium alloy has great in vitro and in vivo
antibacterial effects for dental application and reduce the infectious rate
associated with dental implants, preventing the bone resorption induced
by peri-implantitis [122]. Xu et al. added copper into Ti–Mo alloy,
showing excellent bacterial inhibitory property, avoiding the failure of
implantation and revision surgery [123]. Ti6Al4V, a kind of common
alloy applied in bone implantation, showed better anti-bacterial effect
after the combination with copper, providing a theoretical evidence for
the clinical application [124]. In addition, Mg-based metals have been
investigated widely for clinical application, Liu et al. added copper into
magnesium and showed that Mg–Cu alloy could inhibit bacteria growth
while stimulating bone formation [44]. To fix prothesis and repair bone
defects, Poly (methyl methacrylate) (PMMA)-based bone cements have
been applied in orthopaedic field. De Santis et al. demonstrated that
copper doped PMMA bone cement can both help repair bone defects and
prevent infections, which is promising in clinical application [125].

In the field of prothesis design, various coatings are added in order to
impart better properties to bone implants like osteogenic and anti-
infectious properties. Copper could be used as a coating to enhance the
anti-bacterial properties of implants. Rivera et al. modified the antibac-
terial property of metallic implant by coating copper onto its surface,
significantly reducing the infectious rate from joint pathogens [126].

As has been cited above, traditional metallic biomaterials and bone
cements have been widely applied in orthopaedic field, but infections
often occur. The incorporation of copper can possibly avoid bacterial
infections and speed up the repair process, which is a promising approach
for bone regeneration.

6. Conclusions and future perspectives

In this review, we summarized the physicochemical and biological
properties of copper and copper-containing biomaterials, and their ap-
plications in bone and cartilage tissue engineering. The incorporation of
copper could enhance the porosity, mechanical strength, and cross-
linking of scaffolds, as well as influencing their degradation behaviours.
Copper could not only enhance cell migration and adhesion, but also
improves osteogenesis, chondrogenesis, and angiogenesis, and exerts
antibacterial activity. In vivo animal studies show that copper is beneficial
for the repair of bone, cartilage, and blood vessels. Further studies are
needed using more clinically relevant large animal models to fully
elucidate the effect of copper biomaterials on in situ bone and cartilage
regeneration. The detailed mechanisms of copper-induced improvement
of the osteogenic and chondrogenic properties should be explored in
future studies. In addition, systematic research should be performed to
determine the appropriate forms and concentration of copper used in
specific tissue engineering of bone, cartilage, or other tissues.



Fig. 5. The gross morphology and Micro-computed tomography images of the samples at 8 and 12 weeks of post-surgery (A1-F1) Digital photographs of the samples
(A2-F2) 2-dimensional projection images of the defects (A3-F3) and (A4-F4) show the transverse view and sagittal view of 3-dimensional (3D) reconstruction images,
respectively (A5-F5) Images of new bone in the upper part of the defects. In 3D reconstruction images, off-white, green, and red indicate primary bone, new bone, and
scaffolds, respectively. As compared with control group and bioactive glass ceramic (BGC) groups, Cu-BGC group displayed a considerable amount of neo-bone tissue
in the defect region at 12 weeks.
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