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a b s t r a c t

The paradigm of metallic ions as exclusive toxic agents is changing. During the last 60 years, knowledge
about toxicological and immunological reactions to metal particles and ions has advanced considerably.
Hip prostheses, namely metal-on-metal bearings, have prompted studies about excessive and prolonged
exposure to prosthetic debris. In that context, the interactions of metal particles and ions with cells and
tissues are mostly harmful, inducing immune responses that lead to osteolysis and implant failure.

However, in the last decade, new strategies to promote immunomodulation and healing have emerged
based on the unique properties of metallic ions. The atom-size and charge enable ions to interact with
key macromolecules (e.g. proteins, nucleic acids) that affect cellular function. Moreover, these agents are
inexpensive, stable and can be integrated in biomaterials, which may open new avenues for a novel
generation of medical devices.

Herein, orthopedic devices are discussed as models for adverse responses to metal ions, and debated
together with the potential to use metal ions-based therapies, thus bridging the gap between unmet
clinical needs and cutting-edge research. In summary, this review addresses the two “faces” of metallic
ions, from pathological responses to innovative research strategies that use metal ions for regenerative
medicine.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The mechanical and electrical properties of metals have prompted
their use in biomedical engineering, namely as implantable medical
devices. Metals are present in almost all orthopedic devices butmetal-
on-metal (MoM) bearings raise themost concern, due to potential risk
of adverse biological reactions elicited by excessive generation of
metallic particles and ions [1e7]. In spite of widespread application of
metallic components in joint replacement, these fostermajor concerns
related to their safety, when tissues and body fluids are exposed to
high levels of elements present in metal alloys [8e10].
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On the other hand, it is well known that metal elements are vital
for cells, where they play structural, catalytic and signaling roles. In
fact, cells are able to interact with metal ions at non-toxic con-
centrations in the tissue microenvironment, but also at systemic
level. Cells are sensitive to ions and their mechanisms and behavior
may, at least in part, be modulated by these inorganic species
[11e13]. Therefore, while metal ions are promising tools, a deeper
understanding about the interactions between them and living
systems is still needed, to identify the frontiers that limit their safe
and therapeutic application.

In the last decade, metal ions have aroused attention, as tissue
regeneration enhancers in bone tissue engineering strategies.
These approaches promise to improve implant integration and
tissue regeneration throughmetal ions release. A newgeneration of
biomaterials aiming at a controlled degradation, and whose by-
products induce healing processes are under intense investigation.

In this review, both potential adverse effects and healing
properties of metal ions and particles released by biomaterials
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applied in Orthopedics, particular in hip prosthesis, will be
addressed. While clinicians mainly perceive metal ions as toxic
agents, scientists start to use their biological effects to improve the
interaction of medical devices with surrounding tissues and cells.
Thus, this review aims at brining together the two perspectives
addressing the processes behind the origin of metal ions, their
systemic dissemination, interaction with immune system and
involvement in tissue regeneration.

2. Biological response to the degradation products of metallic
hip implants

Despite advances in material design and surgical technique, a
significant fraction of the high number of hip prostheses
implanted every year still fail. MoM hip prostheses have raised
concern among authorities and clinicians, due to the high cu-
mulative revision rates registered at 5 years (3e6%), particularly
when considering the 1.5% revision rate for metal-on-
polyethylene (MoP) prostheses [1]. However, failed hip implants
are an interesting model to enhance current knowledge about the
biological response to the materials released by these medical
devices [1]. Hip prostheses are mainly composed of metallic al-
loys, mostly CoCrMo (cobaltechromiumemolybdenum) and
Ti6Al4V (titaniumealuminumevanadium), but their bearing sur-
face can be composed of different materials. The bearing surface
refers to the superficial layer of each component at the articula-
tion interface between the artificial femoral head and the
acetabular cup [14]. The different categories of hip prosthesis are
defined based on the materials that constitute their bearing sur-
faces. The most popular bearing surfaces used for total hip
arthroplasty (THA) prostheses are MoP, MoM and ceramic-on-
ceramic (CoC). Technological advances have contributed to
minimize degradation of these materials. Nonetheless, wear at
bearing surface is still responsible for the generation of the ma-
jority of prosthetic particles found in surrounding tissues [15]. In
terms of amount, MoM bearings generate ten-fold more particles
than MoP [16], and most of metallic wear particles are
nanometric-sized (smaller than 100 nm) [16e21] while polymeric
particles are around 100e10,000 nm [22]. Thus, metallic nano-
particles are known to be more reactive as their surface area per
volume is higher than polymeric particles. As the majority of hip
joint bearings are based on CoCrMo alloys, the particles released
are mainly chromium oxide (Cr2O3) with an oval to round shape
[19,21]. Also, titanium-based particles may be originated in
different regions of hip implants, such as the femoral stem and/or
acetabular cup [23].

Wear and corrosion are the mechanisms behind the generation
of micro- and nanoparticles, as well as metallic ions. The failure of
metallic prostheses is multifactorial, and likely related to adverse
biological responses induced by the by-products that are released
upon implantation. These agents are shed in synovial fluid, facing
the synovial membrane as their first interface with the human
body. Dimensions, quantity and chemical composition of the par-
ticles are important factors in assessing biological effects of wear
debris, and are closely related to the biomaterial that suffers wear
and corrosion [17,24,25]. Particles possessing diameters up to a few
micrometers are phagocytosed by macrophages [17,26], while
bigger particles can induce a foreign-body response [27]. The
activation of macrophages upon phagocytosis has been pointed out
as a trigger, activating the innate immune response, which may
ultimately lead to implant failure, through a pathological response
sometimes referred to as “particle disease” [28,29]. On the other
hand, the physicochemical properties of metallic ions (eg. size and
charge) allow these agents to reach different targets, such as DNA,
producing toxic effects in a manner that is different from those
caused by particles [30e32]. The local and systemic toxic effects
and themechanisms involved in the biological response against the
most relevant metallic degradation products are discussed bellow.

2.1. Periprosthetic tissue response to MoM hip joints

The biological response behind aseptic loosening of hip im-
plants is the cause of long-term failure for about 65% of hip pros-
theses [14] and depends on a set of immunological phenomena,
including cell interactions and cytokine production. Despite MoM,
MoP and CoC hip prostheses all potentially failing due to aseptic
loosening, the molecular and cellular events underling those
pathological response appear to be distinct. The immune response
taking place around MoM hip prostheses is not as studied as the
macrophage-mediated foreign body reaction to the polymeric wear
particles released by MoP prostheses [33e35]. Metallosis, pseu-
dotumors and aseptic lymphocytic vasculitis associated lesions
(ALVAL) have all been associated to failed MoM hip implants
[36e39]. The inflammatory response associated to the soft tissue
lesions presented by some patients with MoM implants is not
completely understood but thought to be related to the metal-rich
periprosthetic environment. Thus, ARMD (Adverse Reaction to
Metal Debris) [39,40] or ALTR (Adverse Local Tissue Reaction) [41]
have been used as umbrella terms. In spite of ARMD being often
associated to MoM hip prostheses, it occurs only in about 1% of
MoMpatients [39] and similar histological findingsmay be found in
periprosthetic tissues of other types of hip implants, namely where
modular metalemetal interfaces or impinged metallic components
are present [42e44]. Metallic wear debris and ions may be released
due to wear, corrosion or tribocorrosion processes [45]. Metallic
particles are deposited in periprosthetic tissues giving them a gray
color, which is usually named metallosis [46]. This microenviron-
ment may lead to adverse local tissue responses such as pseudo-
tumors and ALVAL as presented in detail in Fig. 1.

Pseudotumors are described as solid or cystic masses that may
grow at the implant periphery. The prevalence of pseudotumors in
MoM patients ranges from 20% to 61%, depending on the hip
prostheses model [47,48]. Their etiology is not completely under-
stood and pseudotumors are diagnosed in patients with a painful
hip, or even asymptomatic patients [4]. Despite the fact that
pseudotumors are neither malignant nor infectious they may pro-
voke pain, due to the compression caused by these masses on other
tissues (e.g. muscles or nerves) [4,49]. The continuous release of
metallic particles may induce macrophage infiltration, which will
later die (apoptosis) after phagocyting large amounts of toxic par-
ticles [39]. These particles will remain in tissues leading to new
monocyte recruitment, chronic inflammatory response, and cyto-
toxicity, when their levels are high [50]. Thus, a stressful environ-
ment is created that may induce tissue destruction (necrosis), a
significant feature in pseudotumors and failed MoM prostheses
[50]. Moreover, the prevalence of pseudotumors was positively
correlated with serum Co and Cr levels [51]. The excessive wear of
MoM bearings is related with soft tissue lesion [39,40,51] but the
extent of tissue destruction is not correlated with the amount of
metallic particles [39]. These findings highlight the individual
susceptibility of patients to metallic agents, particles and ions,
which likely determines the magnitude and type of immune
response. Sustained cytotoxic response, hypersensitivity tometallic
degradation products, or both may be the mechanisms underlying
pseudotumor formation [39,50,51].

Patients with ALVAL report pain as symptom [4], whose origin is
reported as related to the swelling of the vascular endothelium,
recurrent bleeding and extensive necrosis [52,53]. The extension of
tissue destruction seems to be related with the thickness of lym-
phocytic perivascular cuff [39]. The histological features observed



Fig. 1. Pathological responses to excessive exposure to metal particles and ions released by hip prostheses. Pseudotumors and Aseptic Lymphocyte-dominated Vasculitis-Associated
Lesions (ALVAL) are the most relevant Adverse Reactions to Metal Debris (ARMD). The accumulation of high amounts of metal degradation products in hip joint space induce the
formation of pseudotumors around the implant which leads to augmented serum metal ions levels. The mechanisms underlying pseudotumors formation appear to be related to
the inability of macrophages to clean metal debris, despite the extensive recruitment of these immune cells induced by the prosthetic by-products. At intracellular level, high levels
of metal particles and ions lead to toxic effects that ultimately result in a vicious cycle of cell death. Together with tissue necrosis, compression of femoral nerve are though to
explain the pain suffered by patients with pseudotumors and ALVAL. Although ALVAL is related to metal exposure, it seems to depend more on immune system sensitivity to metal
debris than on the amount of metallic particles and ions. Perivascular lymphocytic aggregates, where cytotoxic T cells (CD3þCD8þ) appear to have a detrimental role, recurrent
bleeding and tissue necrosis are the key events of ALVAL. In the context of delayed hypersensitivity response, several mechanisms were described regarding the influence of metal
ions, namely Ni2þ, on antigen T cell activation: producing immunogenic antigens by inducing conformational changes; causing structural changes in major histocompatibility
molecules (MHC) on the surface of antigen presenting cells (APC) such as macrophages and dendritic cells; and boosting T cell activation via TCR-MHC interaction (superantigen).
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in peri-implant tissues with a metal hypersensitivity reaction
classify this immune response as ALVAL and may affect 1% of the
patients with MoM bearings [4,52,54,55]. It is important to state
that ALVAL and pseudotumors are not directly related and may
occur independently [51,56]. ALVAL is characterized by dense per-
ivascular lymphocytic aggregates of T cells (CD3þ), B cells (CD20þ)
and some macrophages (CD68þ) [5,50,54,57]. Among lymphocytes,
CD8þ T cells (cytotoxic) seem to be the prevalent lymphocyte
population [42,50,53]. Diffuse lymphocytic infiltrations are also
detected, and are composed by T cells only [50]. The potential role
of metal degradation products on ALVAL is controversial. An asso-
ciation between the wear rate of MoM bearings and ALVAL has
been successfully established [58], but doubts remain regarding the
clinical correlation between blood and urine Cr and Co ions levels
and the development of ALVAL [39,54]. Overall, the majority of
pseudotumors seem to be related to excessive generation of
metallic wear particles and macrophage infiltration, while cases of
ALVAL are mostly correlated with unexplained pain or suspected
hypersensitivity involving T cells [4].

Cases of metal hypersensitivity to implanted devices have been
reported ever since their first use [59,60]. Presently, the immune
response to metal implants is still unpredictable and results pro-
vided by metal sensitivity tests are controversial [61]. The preva-
lence of dermal metal hypersensitivity in healthy population is
reported to be about 14% and nickel (Ni2þ) and cobalt (Co2þ) are the
most described offenders [61,62]. Several reports suggest that an
increasing proportion of patients, namely women, will develop
hypersensitivity to metal implants, even in the absence of high
wear [5,61,63,64].

An immunomodulatory role of T cells in periprosthetic tissue
response has been reported, but many open questions remain
regarding the mechanisms behind the interactions with metallic
nanoparticles and ions [5,31,54,65e67]. Themolecular mechanisms
that influence the intensity of histologic features observed in MoM
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surrounding tissues are yet to be revealed [5,31,54]. On the other
hand, the role of each T cell subpopulation on the biological
response against this type of artificial joint and the influence of
particulate and ionic degradation products on these immune cells
are still unknown [65e67]. The increased proportions of T cells in
relation to B cells in MoM periprosthetic tissues led the scientific
community to believe that a type IV cell-mediated immune
response was behind the lesions observed [7]. T cells may represent
10% of cells at bone-implant interface [67,68], with the helper
population (CD3þCD4þ) being more frequent in periprosthetic tis-
sues than the cytotoxic one (CD3þCD8þ) [67]. T helper (Th) 1 cells
seem to dominate over the Th2 population, indicating a more cell-
mediated immune response, with the participation of macrophages
[67,69,70]. At systemic level, Hart et al. have identified in MoM
patients a positive correlation between increased cobalt ions and
reduced circulating CD8þ T cells [71]. In line with these findings,
decreased number of circulating CD3þ, CD4þ and CD8þ cells,
together with increased serum interferon-gamma (IFN-g), indica-
tive of a Th1 response, and concomitant decrease of interleukin 4
(IL-4) levels, related to a Th2 response, were found in patients two
years after large-head MoM THA [69].

The mechanisms underlying T cell hypersensitive response are
though to be related to antigen processing and presentation in the
context of adaptive immunity. Conformational alterations at pro-
tein/antigens level [31,72,73], major histocompatibility complex
(MHC) and superantigen effect [74] have been pointed as potential
action mechanisms of metallic ions involved in hypersensitivity,
namely to Ni2þ. In fact, Ni2þ is the most concerning allergen and its
effects at major steps of antigen Tcell activation have been reported
[61,62,74,75]. Although nickel is many times considered a trace
chemical element in metals used for hip prostheses, nickel content
(percentage byweight) can be up to 0.5%, 0.1% and 0.05% in CoCrMo
(ASTM F75), Ti alloys (ASTM F136) and pure Ti (ASTM F67),
respectively.

The microenvironment resulting from corrosion of prostheses
may promote protein conformational changes and metal ions
released may act as haptens, contributing to the formation of
metalloproteins [31,72]. Haptens are small agents that can complex
with “self” proteins, inducing an immune response. Since most
proteins are negatively charged at physiological pH, their potential
to interact with the positively charged metal ions is very high [76].
This hapten effect reported for metallic ions appears to be ion-
specific and preferential molecular targets have been described.
Previous studies show that serum proteins with 68 kDa and
180e330 kDa are the most frequently modified by Cr [31]. On the
other hand, it has been reported that Ti binds preferentially to
transferrin [32]. Also, Ti4þ and Co2þ binding sites have been iden-
tified in albumin (approx. 68 kDa) [77,78]. While no conformational
changes were associated to Ti4þ, it was verified that Co2þ binding
leads to a conformational transition of albumin that exposes more
binding sites for Co2þ ions [77,78]. Proteins with molecular weight
between 180 and 250 kDa, probably immunoglobulins, are associ-
ated with greater lymphocyte reactivity [31,72]. Moreover, the as-
sociation of metallic ions with plasmatic proteins may facilitate
their cellular uptake [32].

The involvement of some metallic ions in antigen-driven T cell
activation seems to be related to antigen presentation. It is possible
that antigen presenting cells' (APCs) like macrophages and den-
dritic cells can internalize hapten-modified proteins, process them
and present as antigens, through human leukocyte antigen mole-
cules, such as HLA-DRþ [66,75,79]. HLA-DR is a MHC class II re-
ceptor, present on the surface of APCs, together with co-stimulatory
receptors CD80/CD86 and CD40, that can present antigens toT cells,
activating them through their counterparts CD28, CD3 and CD40L
on the surface of T cells [7]. Interestingly, a previous study has
shown increased expression of CD86 and HLA-DR on peripheral
blood monocytes together with a decrease of T cell markers CD3
and CD28 in patients with MoM bearings for more than 30 years
[68].

2.2. Interaction of metallic particles and ions with immune cells

The findings reported at the vicinity of hip prostheses have
prompted both clinical and fundamental research, aimed to clarify
the interactions between metal particles (and ions) and living
systems. In the following sections current evidence at research and
clinical levels is discussed, focusing on cobalt chromium alloys and
titanium alloys. As these families of alloys are widely applied in
artificial joints, this review will address the most representative
and studied prosthetic degradation products. Although when these
metal alloys corrode, they release Co2þ,Cr3þ,Cr6þ and Mo5þ

(CoCrMo) or Ti4þ, Al3þ and V5þ (Ti6Al4V) into the human body, the
literature has been mostly addressing the metallic ions present in
higher percentages in those alloys. Thus, toxicity and other effects
of metallic particles and ions (Co2þ,Cr3þ,Cr6þ and Ti4þ) on the im-
mune response and bone homeostasis will be discussed bellow,
from cellular to tissue and systemic levels.

2.2.1. Cobalt and chromium alloys
2.2.1.1. Research evidence e in vitro and other pre-clinical data.
CoCr particles and Co2þ, Cr3þ and Cr6þ ions are the main degra-
dation products of CoCrMo alloys studied this far. Molybdenum
(Mo5þ) is not so widely studied, likely due to its lower amount in
CoCrMo alloys, 5e7% of the weight (ASTM F75), and mild toxicity in
comparison to Co2þ [70]. Cobalt and chromium potential effects on
biological systems are in part related with their capacity to be
internalized by cells and bind vital molecules such as DNA.
Competing for targets used to interact with other ions such as Ca2þ

or Mg2þ, Co2þ and Cr3þ can change mechanisms that lead to
cellular death [80]. The potential cytotoxic effects or the role of
cobalt and chromium ions in immune system sensitization is
described bellow. The cellular uptake of metallic ions is the first
step of this interaction. Co2þ and Cr6þ -more than Cr3þ- can cross
the cytoplasmic membrane trough a non-specific anionic trans-
porter or via an endosomal route [76,81e83]. Inside the cell, Cr6þ

and Co2þ may exert time and concentration-dependent toxicity or
even carcinogenic effects, through similar mechanisms
[46,81,82,84]. The reduction of these species to Cr3þ and Co3þ

respectively generates reactive oxygen species (ROS) and reactive
nitrogen species (RNS) [82], which saturate the cell antioxidant
mechanisms and damage cytosolic proteins, lipids or even DNA.
Additionally, Cr3þ can cross the nuclear membrane and bind to DNA
[76] while Co3þ accumulates in cell nucleus and surrounding
structures [80].

Co2þ has toxic effects on macrophages at lower concentrations
(8000 mg/L) than Cr3þ (350,000 mg/L) [85]. Higher toxic thresholds,
30,000 mg/L (equivalent to 0.5 mM) for Co2þ and 590,000 mg/L for
Cr3þ (equivalent to 10 mM), were observed for primary human
lymphocytes [70]. Moreover, Cr6þ is highly toxic, as quite low
concentrations (520 mg/L) significantly impair viability and prolif-
eration of human lymphocytes [86]. An experiment with mouse
macrophages showed induction of apoptosis at 24 h of incubation
with Co2þ or Cr3þ and cellular necrosis at 48 h, but at very high
concentrations (6000e10,000 mg/L for Co2þ or
150,000e500,000 mg/L for Cr3þ) [87]. Necrosis has been reported
on some ALVAL observations, but such high levels of Co2þ and Cr3þ

were never observed in periprosthetic tissues. Metal type, con-
centration and time of exposure seem to be the major factors for
macrophage mortality induced by metal ions [17]. Reduction of the
cytotoxicity induced by CoCr particles after phagocytosis by
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monocytes and fibroblasts has been observed [24]. CoCr particles
that underwent phagocytosis by monocytes have also presented a
reduced genotoxicity, with the surface of the particle appearing to
be a critical factor in this process [24].

Nevertheless, sub-lethal levels of Co and Cr ions seem to play a
role in inflammation. In mouse macrophages, Co2þ and Cr3þ

induced a concentration- and time-dependent increase in tumor
necrosis factor-a (TNF-a) secretion [85]. CoCrMo microparticles as
well as sub-millimolar Co2þ levels (4000e5900 mg/L) induce pri-
mary human macrophages to produce proinflammatory cytokines,
namely IL-1b, IL-6, and TNF-a, together with ROS and vascular
endothelial growth factor (VEGF) [88,89]. Macrophages are re-
ported to sense CoCrMo particles via Toll-like receptor 4 (TLR4)-
MyD88 signaling pathways, promoting nuclear translocation of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) by reducing its antagonist I-kB, which results in overexpression
of IL-1b, IL-6, IL-8 and TNF-a [90,91]. In addition, CoCrMo particles
and Co2þ ions, at concentration from 0.01mM (590 mg/L) to 0.3 mM
(17,700 mg/L), lead to an increase in hypoxia-inducible factor (HIF-
1a) protein expressionwhat in turn augments NF-kB signaling [89].
Co2þ ions were demonstrated to directly activate TLR-4 promoting
the secretion of IL-8 and (C-X-C motif) ligand 10 (CXCL10), che-
mokines that are involved in the recruitment of other immune cells
[92]. This may also occur in ARMD, since the mRNA levels of both
cytokines were reported to be 18-fold and 10-fold higher in peri-
implant tissues of metallosis cases [93]. Furthermore, Co2þ may
act at endothelial cells level easing themigration of immune cells to
the periprosthetic environment. At 1 mM, Co2þ directly activates
endothelial cells leading to increased secretion of IL-8 and mono-
cyte chemoattractant protein-1 (MCP-1) and also intercellular
adhesion molecule 1 (ICAM-1) overexpression, which may justify
the augmented lymphocyte binding and transmigration [94]. Thus,
chronic inflammatory response may be supported by the proin-
flammatory role of Co and Cr ions.

Delayed hypersensitivity reaction is likely to occur in presence
of CoCrMo particles and ions released by implants. The Th
lymphocyte population is though to play a major role in this in-
flammatory response. T cell activation (up-regulated CD69
expression) has been reported after incubation of peripheral blood
mononuclear cells (PBMCs) from patients with loosening artificial
hip joint with Cr ions (36.8 mg/L) [96]. Exposure to CoCrMo alloys
appears to lead to T cell sensitization, as primary lymphocytes
isolated from patients with well functioning hip prostheses present
increased reactivity, both frequency and magnitude, to Cr3þ when
compared to lymphocytes from healthy donors [70]. The same
study showed that among the tested metallic ions, Co2þ, Cr3þ, Ni2þ

and Ti4þ, only Cr3þ significantly promoted the production of IFN-g,
often secreted by the Th1 subpopulation. Other molecules involved
in T cells stimulation (CD80, CD86 and ICAM-1) were up-regulated
after incubation with Co2þ (4000 mg/L) [88]. On the other hand, a
single study has reported reduced CD3-induced cell proliferation
after 48 h incubation with CoCr nanoparticles at concentrations
from 2500 mg/L to 25,000 mg/L. Under the same testing conditions,
DCs and B cells were not activated and no direct cytotoxicity to T or
B cells has assigned to CoCr nanoparticles [97]. When exposed to
CoCrMo particles, T cells showed overexpression of TNF-a, IL-1b, IL-
13, GM-CSF and IL-10 [95]. Interestingly, up-regulation of the anti-
inflammatory cytokine IL-10 is significantly higher in women than
in men [95]. Overall, the effects of metal prosthetic debris on im-
mune cells seems to be highly influenced by the individual sus-
ceptibility [70,95].

Pathological bone resorption is the major biological event
underlining aseptic loosening and implant failure. The activity of
bone-producer cells (osteoblasts) seems to be reduced at 48 h of
exposure to low doses of Co2þ (10 mg/L) whereas the production of
proinflammatory molecules, such as prostaglandin E2 (PGE2),
cyclooxygenase-1 (COX-1), COX-2, IL-8 and MCP-1, is up-regulated
[98].

As high systemic levels of metal ions have been reported in THA
patients [99], their cytotoxicity towards vital organs has also been
assessed. However, the concentrations of Co or Cr generally tested
in vitro experiments tend to be higher than the ones found in
clinical setting. Furthermore, short exposure time to metallic ions,
undetermined local concentrations (oral administration) and
incomplete protein and ions content of culture media may limit the
relationship of these results with clinical findings.

Lung, intestine, liver and kidney cell lines and primary mouse
dendritic cells (DCs) exposed to Co2þ ions or Co nanoparticles at
concentrations higher than 12,000 mg/L for 48 and 72 h. Lung cells
were themost Co2þ sensitive cell line, presenting signs of toxicity at
lower concentration (<3000 mg/L) and after 72 h of incubation. On
the other hand, DCs were the most resistant to ions, and one of the
most resistant to nanoparticles [30]. The viability of macrophages
and fibroblasts was reduced by more than 95% after 5 days of in-
cubation with Co2þ and Cr3þ levels higher than 300 mg/L. At lower
concentration of Co2þ and Cr3’ (about 50 mg/L), fibroblast viability
was more affected (�50%) than that of macrophages (�20%) [17].

The systemic effects underlying the dissemination of metallic
particles and ions have been addressed in animal experiments
[100e103]. Differential deposition of ions seems to depend on time
of tissue exposure to ions/particles, element and tissue. Despite Co
accumulating more than Cr, both ions levels showed an increase in
liver, kidney, spleen, lung, heart, brain, testes and serum 48 h after
CoCr particles implantation in the air pouch model in mice [100].
Long-term exposure (9 months) to CoCrMo implant led to reduced
animal growth and demonstrated the accumulation of Cr and Mo
but not of Co in the liver, which was likely excreted in urine [101].
Moreover, differences on Co and Cr distribution and accumulation
were associated to intramuscular or peritoneal implantation of a
CoCrMo wire [101]. It has been reported that the accumulation of
metal particles and ions leads to oxidative stress, namely in the
liver, spleen and kidneys. In these tissues the expression of anti-
oxidant enzymes was altered, which correlates with the increased
ROS production and DNA damage [100,102]. The toxic effects of Co
and Cr seem to persist even after their concentration at systemic
level decreases [101,102]. In line with in vitro observations, the
implantation of CoCr particles induce early immune response with
increased production of IL-1b and macrophage infiltration [103].

2.2.1.2. Clinical evidence. According to Hallab et al., more case re-
ports of hypersensitivity reactions are associated with CoCrMo
alloy implants than with Ti alloy components [104]. Levels of
metallic ions in serum have been used for monitoring artificial
MoM joints in terms of wear generation, risk of ARMD and implant
functional outcome [36,37,56,66,105e108]. In summary, increased
concentrations of metallic ions in body fluids are observed
following implantation of MoM implants, specially Co2þ, even
when compared to MoP THA [99].

Serum Co and Cr levels in healthy control subjects were usually
bellow 0.29 mg/L and 0.34 mg/L, respectively. Nonetheless, levels
below 2 mg/L are considered normal by several authors, for well-
functioning MoM implants [43,51,56,72,106,109,110]. The concen-
trations of both ions usually vary from one to few dozens of mg per
liter, in all tested human fluids (serum, blood, whole blood, urine)
[39,51,99,111]. Clinically, the average serum Co and Cr levels after
MoM prostheses implantation are often reported to be with in the
range of 1e7 mg/L but failing MoM hip implants, some pseudotu-
mors cases [51], and extensive corrosion on themodularMoP stem-
neck interface [43] often present concentrations in the order of
hundreds of mg/L [36e38,51,56,66,105e108,110]. There is no
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international consensus on toxic threshold limits for metallic ions
concentrations found in the blood and urine of patients with hip
prostheses, namely with large head MoM bearing (�36 mm).
Moreover, it remains unclear the true meaning of these levels. US
Food and Drug Administration (FDA) has not defined Co or Cr
threshold values for MoMmanagement, due to the lack of scientific
evidence linking serum or whole blood metal ions levels to
excessive wear or failing of MoM hip implants. Nonetheless, in
Europe is recommended that MoM patients presenting serum
concentration of Co from 2 to 7 mg/L should be followed-up by
imaging techniques to evaluate ARMD [109]. Serum Co or Cr levels
above 7 mg/L may be a sign of ARMD and should be considered in
discriminating well-functioning from failed MoM hip prostheses
[112]. Revision surgery should be performed if abnormal radio-
logical findings are observed, metal ions levels are steadily rising or
serum concentration of Co surpasses 20 mg/L [109,113]. The levels of
Co ions in serum were demonstrated to reduce to normal levels
(10.96 mg/L vs 1.61 mg/L) after removal of their source [110].

Despite the fact that metallic ions reach the circulatory system,
the majority of the particles remain entrapped in nearby tissues.
Joint capsule is the tissuewhere higher Co, Cr and Ti concentrations
have been found, ranging in the thousands of mg/L, what constitutes
a 100e1000-fold increase after hip replacement [43,72]. This is an
expectable finding since synovial fluid and membrane, capsule and
bone constitute the closest biological environment to the origin of
the metallic debris. Thus, local toxicity may occur, inducing a local
biological response that provokes swelling in the hip region and
impairs the functioning of the implant. Themechanisms underlying
the accumulation of metallic particles and ions in the tissues and
their potential role in regeneration remains vastly unknown.

The adverse effects of metallic particles and ions at systemic
level are a major concern, namely in the long-term. Numerous
small blood and lymphatic vessels are present in synovial mem-
branes [114], allowing particles andmetallic ions to travel to distant
parts of the body. Lymphatic vessels transport molecules and ions
from the synovial fluid and allow the trafficking of immune cells
such as macrophages between the synovial membrane and the
lymph nodes or other secondary lymphoid tissues, such as spleen.
The capacity of macrophages, also present in synovial fluid, to
phagocyte small particles may be responsible for particle deposi-
tion in lymph nodes, bone marrow, liver, lungs and spleen
[115e117]. Lymph nodes and spleen are involved in the filtering of
lymphatic fluid and blood, respectively. Thus, it is expectable that
higher levels of metallic particles are found in those tissues in a free
form, inside macrophages or in organometallic complexes
[115,117,118]. Para-aortic lymph nodes are the most affected by
metallic particles deposition and in severe cases tissue necrosis has
been reported [115,116]. The fate of wear particles in other organs
such as liver, spleen or heart is unknown. Probably, they remain
trapped and continue to be corroded intracellularly, due to the
corrosive environment of the phago-lysosome, potentially inducing
higher local levels of metal ions, even after implant removal
[72,119]. However, environmental sources can also be responsible
for increased levels of Co, Cr and Ti species in the body [115].

One of the most worrying aspects of long-term exposure to
increased levels of metallic particles andmetallic ions is cancer risk.
Overall, the incidence of prostate cancer andmelanoma seems to be
higher among THA patients [120,121], while lung cancer incidence
is decreased compared to general population [120]. The period of
ten years following THA appears to register an increased risk of
cancer, namely kidney, likely related to the run-in wear period,
where the amount of metallic debris is often very high, challenging
renal clearance capacity. Augmented risk of chronic renal disease
was observed in a 9-year follow-up of MoM patients [122]. In the
period between 10 and 20 postoperative years, the general cancer
incidence seems not to be increased in MoM or MoP THA patients
[120]. Nonetheless, there is not enough evidence associating
metallic debris and increased cancer incidence, so there is a need
for longer follow-up periods (more than 20 years) and further
epidemiological studies.

Significant increases in mortality due to cardiovascular diseases
were verified in patients with MoP or MoM bearings, 20 years after
implantation [123]. A case report of fatal cardiomyopathy second-
ary to severe wear of CoCr alloy femoral head was previously
described [124]. The patient presented very high Co levels in the
blood (6521 mg/L) and in the heart (3.85 mg/L), when compared to
Co concentration in heart tissue of healthy individuals, which
ranges from 0.1 to 0.4 mg/L. Cobalt toxicity at mitochondrial level
with subsequent fibrosis of cardiac tissue is the most plausible
cause of death.

Since artificial hip joints such as MoM bearings are being
applied in younger patients, new problems may arise. For example,
the possibility of transplacental transfer of metal ions during
pregnancy was evaluated. Increased levels of Co2þ and Cr3þ have
been detected in the umbilical cord of pregnant women with MoM
bearings, when compared to controls [107]. However, these metal
ion concentrations have been lower than 1 mg/L, with the placenta
appearing to play a modulatory role.

2.2.2. Titanium and titanium alloys
2.2.2.1. Research evidence e in vitro and other pre-clinical data.
Titanium particles and ions are considered less toxic than those
derived from cobalt [125]. However, Ti ions are prone to bind and
induce damage to phosphorus-rich molecules (e.g. RNA, DNA and
phospholipids) [126,127], leading to aneuploidy events in vitro and
in vivo [46]. Although other elements present in titanium alloys are
highly toxic (vanadium) or known allergen (aluminum), few
studies addressing them in the context of implant/prostheses are
available.

Particulate and ionic Ti debris are reported to influence the
immune system. In macrophages, Ti ions appear to increase the
production of proinflammatory cytokines (IL-1b, IL-6 and TNF-a)
with concomitant downregulation of TGF-b expression [128]. Ti
ions activate T cells, leading to increased expression of CD69, CCR4
and RANK-L in a concentration-dependent manner [126,127].
Moreover, the ability of Ti ions to promote T cell proliferation seems
to be affected by pre-existing inflammatory conditions, since
rheumatoid arthritis patients present augmented reactivity against
Ti ions [129]. Recent in vitro evidence indicates that Ti4þ ions pro-
mote adaptive immune responses, the authors show that human
dendritic cells (DCs) exposed toTi4þ are able to select T cells specific
for Ti4þ, that are not reactive against Ti3þ ions [79]. Moreover, Ti4þ

ions influence cytokine and surface receptors prolife on DCs, to-
wards a Th1 mediated-inflammatory response [126]. Ti-induced
delayed hypersensitivity may occur due to chronic exposure to Ti
ions or TiO2 particles, but it seems that Ti allergy is confined to a
reduced number of patients [129,130] even considering that TiO2
particles are widely used in food, cosmetics and medicines. More-
over, a proteomic evaluation of draining lymph nodes of skin
challenged with TiO2 nanoparticles found that the expression of
proteins related to mRNA processing, immune response and anti-
microbial activity, and lipidmetabolismwas significantly decreased
[131]. Many details related to metal sensitivity are still unclear,
since the individual contribution of each element that constitutes
metal alloys is not fully known and the role of the host suscepti-
bility to allergic response is only partially understood [61].

Similarly to other types of particles, Ti microparticles may be
phagocytosed by macrophages. This process is reported to involve
scavenger receptors [132], it affects enzymes that manage intra-
cellular ROS level [133] and leads to changes on the surface
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chemistry of Ti particles, inactivating them [134]. In a study
comparing human primary macrophage response to different types
of prosthetic debris, Ti6Al4V, CoCr, alumina and PE microparticles,
Ti was found to elicit higher expression of proinflammatory cyto-
kines [135]. While CoCr particles induced increased secretion of
TNF-a, IL-6 and IL-8, exposure to Ti6Al4V led to higher concentra-
tion of those cytokines and also IL-1b, IL-1a, MCP-1, granulocyte
macrophage colony-stimulating factor (GM-CSF), but also IL-10
[135]. Concentration of Ti particles is critical as IL-1b production
was found to be concentration-dependent, in both human and
mouse macrophages [136]. Moreover, the interaction between Ti
microparticles and macrophages involves the cellular receptors
TLR-2,3,4 and 9, and the intracellular adaptorsMyD88, TIR-domain-
containing adapter-inducing interferon-b (TRIF) and NF-kB, whose
involvement in particle-induced inflammation has been reported
[137]. It is known that activation of NF-kB increases secretion of
proinflammatory cytokines, such as TNF-a, IL1-b and IL-6
[137e139].

Some in vitro studies have addressed the effect of Ti micropar-
ticles on bone remodeling. Osteoblasts incubated with very high
concentrations of Ti microparticles (30,000 mg/L) for 48 h led to
increased production of osteoclastogenesis factors, such as receptor
activator of nuclear factor kappa-B ligand (RANKL) and CSF-1 [140].
Additionally, bone marrow stromal/stem cells (BMSCs) exposed to
Ti microparticles presented impaired osteogenic differentiation
and increased production of IL-8 [141], a chemokine that is involved
in the recruitment of neutrophils and is overexpressed in peri-
prosthetic tissues of aseptic loosening patients [142].

Although Ti ions may diffuse systemically, most of the studies
evaluate the local biological response to Ti particles. This fact may
be related with Ti alloys susceptibility to degradation by wear,
generating particles, accompanied by a high resistance to corrosion
[143]. The distribution and accumulation of TiO2 microparticles,
TiO2 nanoparticles and Ti4þ ions in vivo shows distinct patterns. Ti
microparticles accumulated mostly in the lungs, while TiO2 nano-
particles and Ti4þ ions diffused systemically and are found in
several different organs, namely spleen, kidneys, lungs, liver, heart,
blood and brain [144,145]. TiO2 nanoparticles are small enough to
overcome the bloodebrain barrier (BBB) but further studies are
required to clarify the neurotoxicity reported by some in vitro and
in vivo studies [145]. Although Ti exhibits thrombogenic properties
[146] cases of orthopedic patients reporting altered clothing due to
exposure to Ti were not found. This feature seems to be more
concerning for the performance of other medical devices, such as
Ti-based heart valves [147].

Animal experiments have recapitulated the Ti particle-induced
immune response and associated osteolysis. Intraperitoneal injec-
tion of Ti microparticles in mouse caused at short-term acute
inflammation with signs of neutrophil recruitment, IL-1b produc-
tion and activation of NALP3 inflammasome [103,136]. Fibrous
tissue formation and bone resorptionwere also observed one week
after Ti microparticles having been injected [148,149]. Osteolysis
was also found using the murine calvaria bone defect model
[137,150]. In this context, decreased bone density and volume with
increased RANKL/osteopontegrin (OPG) ratio, number of osteo-
clasts, and also augmented TNF-a and IL-1b were locally found, in
presence of Ti microparticles [149,150]. Interestingly, epithelial
cells upon recognizing bacteria via TLR4 receptor in the presence of
Ti ions, were reported to increase the RANKL/OPG ratio and (CeC
motif) ligand 2 (CCL2) production, which highlights the potential
modulatory effect of Ti ions during hostepathogen interactions and
provides an explanation for increased osteolysis in the case of
bacterial infection [151]. Another study has found increased serum
IFN-g levels in rats two weeks after implantation of Ti plates in
muscle tissue, which is positively correlated with peri-implant
macrophages [152].

2.2.2.2. Clinical evidence. Uncemented acetabular and femoral
stem components are often made of Ti alloys. Although these
components do not suffer much wear as materials applied on head-
cup interface, Ti alloys at particular micromovements, like the
interface with bone or other metallic prosthetic parts, suffer
corrosion releasing metallic ions to surrounding tissues [153]. Soft
tissues surrounding failed Ti6Al4V femoral stem presented high
concentrations of Ti and Al ions, when compared to the levels of Co
and Cr ions found in patients with both cemented and uncemented
CoCrMo alloy femoral stems [153]. Locally, the accumulation of Ti
debris may also occur in the synovial capsule (39,400 mg/g) as well
as in synovial fluid (556 mg/L) together with Al (654 mg/L) and V
(62 mg/L) [72]. Ti is more soluble than V but less than Al, so its
concentrations in serum and synovial fluid are intermediate
[154,155]. Serum Ti ions concentrations are from the same order of
magnitude as those of Co and Cr ions and may achieve less than
4 mg/L for well-functioning hip prostheses and 8 mg/L for failed
implants [37,115]. Moreover, the concentration of Ti in urine seems
to significantly increase after MoM andMoP hip replacement [156].
Nevertheless, in the clinical setting, hip implants management is
not based on Ti levels.

3. Therapeutic approaches using metallic ions

In the previous section, pathological responses that may be
induced by the uncontrolled exposure to degradation products of
CoCrMo and Ti-based alloys were discussed. In fact, metallic ma-
terials reviewed above were designed to be bionert, circumventing
immune response and capsule formation. Avoiding wear and
corrosion has been a major concern in the development of metallic
materials for orthopedic applications [143]. Research and industry
have been improving and creating new solutions with reduced
generation of prosthetic debris, to provide long-term bone fixation
and proper load transfer. Highly cross-linked PE [157] incorporating
antioxidant agents (e.g. vitamin E) [158,159], Ti fiber-mesh cups
[160], tantalum acetabular components [161], oxidized zirconia
femoral heads [162] and metal-carbon fiber composite femoral
stems [163] are the most promising technological advances in joint
replacement.

More recent works have nonetheless been reflecting a paradigm
shift, from “fighting” to “modulating” the immune response to
biomaterials [164]. Similarly, the prevalent idea that ions released
from metal-based implants induce negative effects on biological
systems is also changing. Depending on the element, duration of
exposure and tissue microenvironment, ions can modulate tissue
response promoting regeneration or, conversely, leading to cell
toxicity, oxidative stress and death. New strategies using metal ions
are being developed focusing on different medical fields. The
toxicity of somemetal ions at lowconcentrations has been explored
for application in Oncology. A bioglass incorporating vanadiumwas
engineered to release this metal ion in a controlled fashion, to
induce apoptosis of cancer cells [166]. Additionally, metal corrosion
processes may be tuned to control tumor growth or infection, using
systems such as galvanically coupled MgeTi particles [167]. Metal
ions can be applied to improve the bioselectivity of surfaces used in
medical devices, promoting tissue repair in bacterial-challenged
environments [168,169]. The interaction between metal ions and
proteins may generate metalloproteins such as organic vanadium
compounds. In this form, the toxicity of inorganic vanadium is
diminished, allowing the vanadium insulin-mimetic effect to
improve bone fracture healing, by accelerating angiogenesis and
chondrogenesis [170]. Besides vanadium, aluminum is another
metal element present in Ti6Al4V alloy that has been applied in
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vaccine development. Al is currently applied as a vaccine adjuvant,
due to its capacity to induce a humoral response involving Th2
lymphocytes, boosting the production of antibodies (mainly IgG1)
[171]. Alternatively and as described above, the metal hypersensi-
tivity response to CoCrMo alloys is closer to a Th1 profile, which has
prompted the application of cobalt nanoparticles as alternative
adjuvants, when IgG2c antibodies (Th1) are also required [172].

Amongst the wide potential applications of metallic ions, tissue
engineering is certainly a promising field, where metals ions may
be generated by the biomaterial used or added as a supplement.
There is an increasing number of studies reporting successful
therapies based onmetallic ions, highlighting the role of these ionic
agents as new tools for tissue engineering [165]. Depending on the
application, the template/biomaterial may be designed to be du-
rable or biodegradable. In the context of joints, application of
complete biodegradable biomaterials is not yet feasible as the
current technologies are not able to promote regeneration of
extensive defects of bone and cartilage tissues. However, it is
tempting to speculate that the pro-regenerative effects of some
metal ions may be used at the interface of metal implants and
surrounding tissues [173]. The trend in tissue engineering seems to
be towards biodegradable materials that may incorporate growth
factors, drugs or cells. On the other hand, the fabrication of
biodegradable biomaterials is still a hot topic since there is no
effective solution to avoid the foreign body response against im-
plants often registered at long-term. The development of “smart”
biomaterials that are able to degrade at controlled rates for syn-
chronized tissue regeneration is at an early stage. Similarly, in Car-
diology, the durable metallic stents are being substituted by
biodegradable drug-eluting stents, aiming to reduce the risk of
stent thrombosis and to restore vascular physiology [174].

The application of metal ions in the development of orthopedic
biomaterials is related to their positive effect in angiogenesis and
osteogenesis. A new generation of biomaterials aiming at
controlled release of metal ions to induce bone healing has been
developed, as summarized in Fig. 2 [12,13,175,176]. Embedding ions
(e.g. magnesium, strontium, cobalt, calcium, among others) into
ceramic or metallic matrices has been a concept underlying new
regenerative strategies. In the next section, the application of
magnesium and cobalt-based strategies for cartilage and bone
repair will be discussed as both ions are released by orthopedic
implants already available in clinical practice. Moreover, the
storylines of magnesium and cobalt can be used to exemplify the
importance of the balance between the elicited immune response
and the effect of a biomaterial on tissue regeneration/repair. While
magnesium is safe, may have a regulatory effect on immune cells
and promote bone tissue healing, cobalt is still perceived as a toxic
agent and its angiogenic potential trough hypoxia-mimetic effect is
thus far limited by the immune system.

3.1. Magnesium

Magnesium and magnesium alloys have been tested for
biomedical applications, namely in Cardiology, as biodegradable
cardiovascular stents [177], or in Orthopedics as screws, fixation
devices and bone filler materials [178,179]. Biodegradable
magnesium-based metal implants are groundbreaking, providing a
temporary solution that can fill the gap between the corrosion-
resistant metallic devices with long-term problems (e.g. in-
fections or hypersensitivity response) and the polymeric biode-
gradable materials with poor biomechanical performance. The
biodegradability of magnesium and magnesium alloys resides on
their corrosion in physiological environment, releasing mostly
Mg2þ and H2. However, controlling the degradation rate of mag-
nesium alloys has been challenging, with implants degrading faster
than tissue is able to repair, or releasing high amounts of H2 that
remains entrapped in periprosthetic tissues destabilizing bone-
implant interface [179]. Thus, several magnesium alloys have
been developed, to overcome the described drawbacks, these can
be grouped in three families [180]: 1-pure magnesium with traces
of other elements, 2-Al-containing alloys (e.g. AZ91, AZ31 or
LAE442) and 3-Al-free alloys (e.g. WE43, WZ21 and MgeCa alloy)
[178,179,181e183]. Combining magnesium with other elements
such as aluminum (A), zinc (Z), manganese (M), yttrium (W), cal-
cium (Ca), strontium (Sr) and rare earth elements (E), leads to
improved mechanical properties and corrosion behavior. None-
theless, envisaging orthopedic applications further optimization is
still required [184]. Moreover, research has been improving the
biological response to pure Mg and Mg alloys creating hybrid bio-
materials combining this metal with polymers [185], ceramics [13],
ECM proteins and cells [183].

Once implanted in animal models, pure Mg and Mg alloys pro-
moted higher bone formation and complete fracture healing,
overcoming the limited mechanical properties of polymeric
biodegradable models (eg. polylactic acid) [178,179,183,186e191].
Moreover, Mg-based screws supported improved reconstruction of
rabbit anterior cruciate ligament, with fibrocartilaginous tissue
regeneration, when compared to Ti screws [191]. These findings
prompted a controlled clinical pilot study where MAGNEZIX®

screws, a Mg alloy similar to WE43, were successfully implanted in
26 patients that underwent orthopedic surgery [181]. Mg alloys
biodegradability and mechanical properties similar to bone are
believed to be the major factors underlying their success [192].
However, the ionic magnesium (Mg2þ), released upon corrosion of
magnesium-based implants, may have a critical role in the induced
biological response. Indeed, Mg2þ is crucial for health and life and is
involved in stabilizing key biological molecules (e.g. ATP, DNA),
acting as a co-factor of enzymes, in cell signaling, and cell migra-
tion, among other processes that guarantee the proper function of
tissues such as muscles, heart or nervous system [193e195].
Although not in Orthopedics, Mg2þ is already applied in clinics
through administration of magnesium sulfate (MgSO4) for neuro-
protection [196], muscle relaxing and treatment of pre-eclampsia
[197].

Therapeutic concentrations of Mg2þ have been tested in bone
and cartilage tissue engineering [198,199]. Exposing human BMSCs
to milimolar levels of Mg2þ, from Mg-containing salts, pure Mg or
Mg alloys extracts, increased cell proliferation and osteogenic-
guided differentiation [12,191,199,200]. After 3 days in Mg2þ-
enriched environment, molecules involved in osteogenesis such as
TGFb-1, BMP-2, SMAD4, VEGF and collagen I were found increased,
while condrogenesis (SOX-9) and pluripotency (SOX-2) markers
were downregulated [12]. Interestingly, after 14 days, another
study has also reported the overexpression of VEGF, BMP-2 and
COL2A1 but accompanied by an up-regulation of SOX-9, which was
likely related to the regeneration of fibrocartilaginous tissue
observed in vivo [191]. In this context, the most described cellular
pathways affected by Mg2þ are TGF-b1/SMAD4, HIF-2a and PGC-1a
but the effect of Mg2þ on osteogenesis depends on the differenti-
ation status of human BMSCs [12,199]. In fact, the cellular demand
for Mg2þ increases during osteogenesis, at reported for rat BMSCs
overexpressing Mg2þ selective transporter (MagT1), whose
knockdown led to decreased osteogenic differentiation [201].
Additionally, the deposition of bone matrix elements, calcium and
collagen type X, were augmented in human BMSCs exposed to
Mg2þ concentrations of 5 and 10 mM [199]. Despite concentrations
of Mg2þ up to 15 mM improving osteoclast function [202], animal
studies testing Mg alloys for bone repair indicate that Mg balances
bone remodeling towards repair instead of osteolysis. Moreover,
Mg2þ accelerate the regeneration of cartilage [198]. The underlying



Fig. 2. Application of biodegradable materials for controlled release of metal ions in regenerative medicine. In bone tissue context, ions are able to promote osteogenesis coupled
with a pro-regenerative immune response. The ion-enriched environment may induce osteogenic differentiation of mesenchymal stem/stromal cells (MSCs) as well as improve
angiogenesis. Moreover, metal ions may modulate the response of immune cells to proinflammatory stimuli such as lipopolysaccharide (LPS), modifying the expression of cytokines
such as TNF-a, IL-1b, IL-6 and PEG2, which ultimately affect the regenerative capacity of the tissues.
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mechanism is though to be linked to integrins, ion-sensitive pro-
teins that mediate the cellular adhesion to extracellular matrix
[198,203]. However, Mg2þ concentrations above 20 mM negatively
affect cartilage mechanical properties by reducing the production
of collagen and glycosaminoglycans [204].

In addition to the pro-regenerative stimuli on BMSCs, Mg-based
strategies can modulate the immune response to support tissue
healing (Fig. 2). Thus, it is vital to understand the role of Mg2þ on
cells, namely immune cells, where most of the knowledge stems
from studies involving Mg-deficient models [205e207]. In hypo-
magnesemia conditions, cells suffer oxidative stress and the ability
of the immune system to be challenged (e.g. infection) is reduced,
leading to ineffective or uncontrolled responses [11,205,207]. On
the other hand, Mg2þ supplementation was demonstrated to have
an immunomodulatory role [11,208,209]. The production of
proinflammatory cytokines such as TNF-a, IL-1b, IL-6 and PEG2
after immune cells stimulation with lipopolysaccharide (LPS) was
demonstrated to be reduced in the presence of increased concen-
trations of Mg2þ [208e210]. In an osteoarthritis rat model, in-
jections of MgSO4 reduced cartilage degeneration, nociception and
synovial inflammation, while increasing chondrocyte survival
[211]. The action of Mg2þ is believed to be NF-kB-dependent, a
central regulator underlying proinflammatory cytokine production
[209].

3.2. Cobalt

Most of the studies so far address Co as a toxic agent. Environ-
mental sources (e.g. mining activity) or failed Co-containing bio-
materials provide cases of massive human exposure to this
element, which may lead to allergic reactions, tissue destruction
and ultimately death [212,213]. Nevertheless, sub-toxic concen-
trations of Co may promote angiogenesis, which may contribute for
tissue regeneration.
Novel strategies for bone tissue engineering have been investi-
gated, taking advantage of the hypoxic-mimicking conditions
generated by Co [214e216]. Biologically, Co signals cells for low O2

pressure by stabilizing HIF-1a, which induces the secretion of fac-
tors that support cell survival in hypoxia environment and promote
the formation of new blood vessels.

A possible strategy consists in pre-conditioning cells, namely
stem cells using high doses of Co [217,218]. Enhanced vascularized
bone formation was achieved through implantation of constructs
with human BMSCs pre-treated with media containing 5900 mg/L
of Co (equivalent to 0.1 mM Co) in rat bone defects [217]. Alterna-
tively, Co-containing ceramics and bioglasses have been developed
aiming to mimic hypoxia through Co action [219e222]. Cobalt was
shown to promote angiogenesis by increasing the production of
VEGF and enhancing the osteogenic differentiation of human
BMSCs [219,221e223], which is in line with the, tube-like struc-
tures formed in vitro by endothelial cells (HUVECs) when treated
with Co [219,221]. A recent work presented a polymeric coreeshell
scaffold with sustain release of Co2þ and BMP-2 that successfully
promoted early angiogenesis and improved bone formation in rat
calvaria defect model [216].

Notwithstanding, cobalt may be a double-edge sword. The his-
tory of Co as pro-regenerative agent may be spoiled by the immune
system response. Immune cells are sensitive to Co exposure,
macrophage activation and ROS productionwas found to take place
at Co concentration used for cell pre-conditioning (0.1 mM) [92].
Exposing human BMSCs to conditioned media from macrophages
treated with extracts from Co-containing ceramic led to decreased
osteogenesis while osteogenic differentiation was observed when
these cells were directly treatedwith the extracts [223]. Of note, the
most part of the promising results using cobalt-inspired strategies
have been obtained in vitro or using the immunocompromised
animal model SCID mice [217], which could imply an immune
system-related impairment of the regenerative potential of Co.
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However, a very recent study reports pro-regenerative results ob-
tained using immunocompetent animals and implanting coree-
shell scaffolds that release small amounts of Co2þ (maximum of
14 mM at 6 days) [216].

In summary, the success of Co2þ for regenerative purposes
seems to be highly dependent on the doses used. The current so-
lutions using Co may lead to high concentrations of Co at the pe-
riphery of implants, such as levels of 20,000 mg/L that were
reported in vitro at 7 days, decreasing then to 1000 mg/L [221]. The
frontiers for therapeutic, immunological and toxic Co concentra-
tions are still unclear. The role of Co in immune response associated
to bone repair/regeneration, the identification of pro-healing Co
levels and the development of biomaterials that ensure desirable
Co levels and timing should be further investigated.

4. Conclusion and future perspectives

Until recent years, the development and application of metal
alloys in the clinical setting have been driven bywear and corrosion
proof-of-concepts, due to the risk of implant failure induced by the
release of particles and ions. New materials, implant designs, and
surgical techniques have been allowing the implantation of pros-
theses in younger and more active patients. Therefore, it is desir-
able that implanted biomaterials do not cause harmful reactions in
the human body but instead promote regenerative microenviron-
ments and restore tissue function.

MoM hip joints constitute a good clinical model and together
with laboratorial studies shed light on cellular mechanisms un-
derlying metal ions toxicity and immune response in presence of
high levels of metal particles and ions. Although the need to control
the amount of metal debris produced by MoM hip joints persists,
this type of implant is effective since applied in specific patient
populations. Nevertheless, future research should address the long-
term effects of these metal degradation products, the impact of the
individual susceptibility to metal-induced immune responses, and
the development of therapies to control particle-induced immune
response should be extended to the lifetime of prostheses.

With the advent of tissue engineering, novel solutions may be
envisaged, but they still remain at the research phase. By rational
design, these biomaterials may create ion-enriched environments
that can, alone or in combination with drugs/molecules, promote
regeneration and improve implant-tissue interfaces, and thereby
implant survival. Metal-ion-based therapies are economically
feasible, presenting lower costs and requirements (e.g. stability/
storage conditions) than drugs. However, fundamental questions
remain about the synchronized degradation of this class of bio-
materials and the biological effects of all its elements.
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