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Abstract. The most common classification of certain biomaterials is proposed according to their nature, biological
behavior, and application specificity. Data on the antibacterial activity of the metals Ag, Cu, Mg, Zn, Se, and Zr are
summarized. A brief historical review of their use in the treatment of various infections has been made. The
mechanisms of antibacterial action and the role of some implant surface modifications are discussed.
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1. INTRODUCTION

Diseases, injuries and traumas can cause
permanent damage and degeneration of tissues in the
human body. Therefore, treatment is required to
recover or replace them. The growing need of artificial
substitutes for tissues and bones requires the synthesis
of new materials and the modification of the ones
already used in medicine [1].

During the last decades, a new direction in
medicine has progressively developed — implantology.
Implants are medical devices whose purpose is to
replace a missing or damaged biological structure and
stabilize diseased parts or functions of the human body
[2], [3]. Within a year, thousands of people worldwide
received some kind of implant device, such as dental
implants, shoulder prostheses, pacemakers, artificial
hip joints, knee joint prostheses, bone fixation, joint
prostheses, cardiovascular implants, eye prostheses,
cochlear implants, etc. Studies have shown that, in a
modern society, about 90% of the persons who are over
40 years of age suffer from degenerative and
inflammatory diseases, resulting in immobility and
unbearable pain [4]. The developing field of science
and technology has made it possible to apply a variety
of biomaterials such as implants in the human body.
Implants used in orthopedics, cardiology, and dental
medicine are usually placed for long periods of time.
Hence, these materials must meet stringent
requirements, including biocompatibility,
osteoinductivity, and biomechanical compatibility with
human tissues [5].

A key determinant of successful implantation is
biocompatibility, i.e. the ability of the material to
perform a certain function in terms of medical therapy
without causing undesirable effects, including allergies
and inflammation [6]. Another complicating fact is the
high sensitivity of body tissues to foreign materials,
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which causes the stimulation of signs of poisoning and
rejection [7].

In the manufacturing process of implants materials
named biomaterials are used, which are characterized
by specific properties [8]. A biomaterial can be defined
as “any substance (other than drugs) or combination of
substances of natural or artificial origin, which can be
used for any period of time, as a whole or as a part of a
system which treats, augments, or replaces any tissue,
organ, or function of the body” [9].

Generally, biomaterials can be classified in three
main groups:

1.1. Classification of biomaterials according to the
function, which they perform in the human
organism [10]:

» orthopedic (artificial hips, knees, shoulders,
wrists, intervertebral discs, fracture fixation,
bone grafts);

» cardiovascular (heart valves, pacemakers,
catheters, graft, stents, PTCA balloons);

> dental (enamels, fillings, prosthetics,
orthodontics);

» soft tissues (wound healing, reconstructive and
augmentation, intra-ocular lens);

» surgical materials (staples, sutures, scalpels,
surgical tools).

1.2. According to the biological behavior, they are

divided into “bioactive”, “inert” and “resorbable”
materials [11]:

» The bioactive material elicits a specific
biological response and forms bonds with
tissues [12], [13];

» The inert or nearly inert material has little
chemical activity, does not form any surface
bonds and creates a fibrous capsule around the
implant;
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> Resorbable materials have the ability of
degradation in the biological environment (the
human body) [14]. The mechanism by which
degradation occurs can be very diverse and
ranges from dissolution through hydrolysis to
corrosion [15]. This type of implant is expected
to accomplish its task in the human body and
progressively degrade without causing side
effects thereafter. Simultaneous to the
degradation of the implant, new bone tissue
formation occurs at the place of the implanted
material [14], [16].

1.3. Biomaterials based on their nature [17]:

» animal and human bone materials;
» polymers;

» ceramic materials;

» metals and composites.

The contribution of implantation to improving the
quality of life and patient health is indisputable.
However, the issue of avoiding implant-related
infections, which may have serious consequences for
the individual patient, including implant rejection,
remains a great challenge to the scientific community.
It should be mentioned that the rate of implant-related
infections increases proportionally with the time the
implant remains in the body [18]. At present, nearly
25,000 people die annually in Europe due to bacterial
infections [19]. It is estimated that the most serious
threat is represented by 12 bacterial strains, including
Acinetobacter baumannii, Pseudomonas aeruginosa,
Enterobacteriaceae, methicillin - resistant
Staphylococcus aureus, better known as MRSA and
others [20]. In addition, it is extremely difficult to treat
these infections due to the formation (as a result of
bacterial adhesion) of biofilm on the surface of the
biomaterial [21]. Costerton et al. in 1999 define a
bacterial biofilm as “a structural community of
bacterial cells enclosed by a polymeric matrix and
adherent to an inert or living surface” [22]. Moreover,
biofilms are highly resistant to antibiotics. To
overcome this, it is necessary to develop alternative
approaches other than the conventional antibiotic
therapies to prevent or reduce biofilms formation and
to avoid hospital infections.

A report published by the World Health
Organization (WHO) reveals that some medically
important antibiotics no longer work in more than half
of the infections treated in some countries. The
carbapenem, used to treat people with hospital-
acquired infections such as pneumonia, bloodstream
infections, and infections in newborns caused by the
bacteria Klebsiella pneumoniae (K. pneumoniae), is an
example of the so-called “last resort” drug [23].

The increasing bacterial resistance to antibiotics
requires preventive action against pathogenic
microorganisms; otherwise, mankind will be exposed
to various dangerous infections.

In regard to improving the biocompatibility and
antibacterial properties of implants, their surface
modification is increasingly gaining importance. After
an extensive literature survey carried out, it is clear
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that the deposition of small amounts of metals such as
silver (Ag), copper (Cu), zinc (Zn), magnesium (Mg),
etc. on the surface of alloys is considered to be the main
reason for the increased antibacterial activity [24], [25]
and therefore becomes potentially applicable in
medicine and medical devices. There are very limited
modern reviews concerning the antibacterial activity
and toxicity of metals, their basic medical applications
and the mechanisms of impact. Moreover, this
information is not yet systematized. Therefore, this
review summarizes and analyses the latest research on
this particular topic, with a special focus on the
possibility of metals being wused for surface
modification in order to improve the antibacterial
properties of medical implants and to prevent
dangerous infections.

2. ANTIBACTERIAL ACTIVITY OF SILVER

Silver (Ag) is a non-toxic metal characterized by
high antibacterial activity. It has been found that silver
kills over 650 micro-organisms causing various
diseases [26]. The use of silver as an effective
disinfectant has been the subject of numerous studies
since ancient times. It is believed that the first
announcement of its antimicrobial properties was
presented by the ancient Greek historian Herodotus,
according to which the King of Persia drank water
stored in silver vessels [27]. Silver has been widely used
to treat open wounds and burns due to its antiseptic
properties [28]. In the 19! century, before the
emergence of antibiotics, various types of silver salts
(silver nitrate, silver sulfadiazine, silver zeolite, silver
powder, silver oxide, silver chloride) were used with
medical purpose for the treatment of tetanus and
gonorrhea [29].

The first report about the bactericidal action of
silver nitrate dates from 1884. At this time, German
obstetrician Carl Credé revealed the relationship
between maternal venereal disease and blindness in
79% of newborn children. He introduced 1% AgNO; as
an eye solution to prevent ophthalmia neonatorum.
The incidence rate of gonococcal conjunctivitis
dropped to about 0.2% after silver nitrate was
introduced [27]. Today, this method known as “Crede’s
prophylaxis” continues to be applied in medicine.

It should be noted that treatment with high
concentrations of silver nitrate may lead to corneal
injury. Also, the reduction of nitrate to nitrite can cause
oxidative damage to cells, which is the primary factor
of impaired re-epithelialization in the case of partial
burns or donor sites [30].

Because of the widespread application of silver
salts, it is a difficult task to list and comment on all
possibilities for its effective application in medicine.
They are effective in treating different infectious
diseases, gastroenteritis, mental illness, epilepsy [31],
[32]. Because of their antibacterial properties, silver-
containing materials had been successfully used to
prevent the formation of bacterial biofilms on dentures
and catheters [33]. The various uses of silver are
complemented by the manufacture of surgical
prostheses, splints, and coins [28]. In addition to a
broad spectrum of antimicrobial effects, silver exhibits
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higher toxicity to microorganisms and a lower level of
toxicity to mammal cells than other metals [34].

Two main theories have been proposed to explain
the mechanism of antibacterial action of silver.
According to the first one, the bactericidal effect is to a
large extent determined by silver’s affinity to react with
sulfur- and phosphorus-containing compounds.
Studies have revealed that metallic silver is relatively
inert, but can react with both moisture on the skin
surface and body fluids, resulting in the release of
highly reactive silver ions (Ag*), which are capable of
binding to the bases in DNA [35]—[37]. In this way, the
DNA molecule is transformed into its condensed form.
It reacts with thiol (sulfthydryl) groups of proteins,
which ultimately causes cell death [38], [39].

In order to clarify the antibacterial action of silver,
a second mechanism is proposed in literature, which
suggests that reactive oxygen groups (ROS, 0., *‘OH,
and O:") are formed in the cell membrane, which can
cause irreversible damage to DNA replication affecting
metabolic processes and cell division [40], [41].

A novelty in scientific literature on the mechanism
of antibacterial action of silver, known as the “zombies
effect”, is a publication of 2015 [42]. The authors
exposed pathogenic bacteria Pseudomonas aeruginosa
(P. aeruginosa) to silver nitrate solution, at a
concentration sufficient for killing the bacteria. The
dead bacteria were carefully removed from the silver
solution by centrifugation and filtration. It has been
shown that after the addition of live P. aeruginosa to
the already killed bacterial strains 99.999% of the live
bacteria were killed. The authors explained the
observed phenomenon in two main ways. On the one
hand, the nanoparticles are not deactivated by killing
mechanism, and therefore can carry on their biocidal
effect, and on the other hand silver-killed bacteria
serve as reservoirs for prolonged release of metal
cations for further biocidal activity against other live
bacteria.

A number of experimental results confirm the
bactericidal effect of silver. Liao et al. investigate the
microstructure and properties of austenitic stainless
steel (AISI 304) containing a silver element (0.1, 0.2
and 0.3 wt.%) [21]. It is well known that, along with
their excellent properties such as lack of magnetism,
high strength, and good corrosion resistance, austenitic
steels do not possess antibacterial activity, which limits
their application for biomedical purposes. The authors
find that pure steel does not actually exhibit
bactericidal activity but after deposition of 0.3 wt.% Ag,
the samples inhibit the growth of Escherichia coli (E.
coli) cells.

Thus, in order to enhance osseointegration and to
facilitate the interaction between bone cells and the
surface of titanium implants, an effective approach is
surface modification by silver plating. This method is
often preferred to pure silver implants owing to the
high cost of metallic silver. This motivates Das and
coworkers [43] to modify Ti surface by anodization in
sodium fluoride and sulfuric acid electrolytic solution.
As a result, nanotubular structures with high osteoblast
adhesion and good cell proliferation are formed.
Additionally, six of the samples are anodized again
with 0.01 M silver nitrate solutions. Silver

electrodeposited samples inhibit the growth of the
bacterial strains P. aeruginosa, which are the major
cause of hospital-acquired infections such as
pneumonia, osteomyelitis, and urinary tract infections
[44], [45].

A novelty in scientific literature is a number of
publications in which special focus is given to the
better antibacterial properties of Ag nanoparticles
(AgNPs) compared with those of different types of
silver salts and silver ions. The main advantage of these
nanoparticles is that they possess a very high activity
against a wide range of bacteria even at low
concentrations because in these amounts Ag is not
toxic to the human body [46]. It is also reported in
scientific literature that the amount of silver
nanoparticles in more than 800 consumer products is
about 30% [28]. Moreover, the advantage of
nanoparticles is their smaller size, which provides
larger surface-area-to-volume ratios and therefore a
better contact with microorganisms for their binding to
cell membranes and penetrating the bacteria [47].
Studies conducted by Martinez-Castanon et al. [48] on
the behavior of Ag with different sizes (7, 29, and 89
nm) with respect to E. coli and Staphylococcus aureus
(S. aureus) have shown that Ag antibacterial activity is
strongly dependent on their size. The results
demonstrated that antimicrobial activity decreases
with increasing particle size. The excellent bactericidal
properties of silver nanoparticles might be attributed to
the presence of electronic effects, which are a result of
changes in the local electronic structure of surfaces of
the smaller-sized particles [49].

Data on the mechanism of the inhibitory effect on
microorganisms are controversial. In 2014, it was
confirmed that the morphology of nanoparticles has an
impact on their antibacterial effect [50]. Other authors
point out that the electrostatic attraction between the
negatively charged cell membrane of the
microorganisms and the positive nanoparticles is an
important factor related to antibacterial action of silver
[51]. Kim et al. [52] also investigated the antibacterial
properties of AgNPs against yeast, E. coli, and S.
aureus. The results obtained by them show that Ag
exhibited the weakest inhibitory effect against S.
aureus, with a minimum inhibitory concentration
(MIC) of above 33 nM. For example, the particle
concentration of the solution needed to inhibit growth
of yeast and E. coli is 6.6—13.2 nM and 3.3—6.6 nM,
respectively. In addition, there was no significant
difference between the antibacterial action of silver
nanoparticles and gentamicin used as control against
the S. aureus bacteria. Some authors have proposed
that the observed difference in the inhibitory effect of
AgNPs relative to both types of bacteria is attributed to
the broader cellular wall of the Gram-positive S. aureus
strain compared to Gram-negative E. coli [48], [53].

In contrast, Hu and colleagues [54] reported that
silver nanoparticles showed a better bactericidal effect
against S. aureus and weaker activity against the E. coli
strain than ciprofloxacin. These results indicate that Ag
nanoparticles can be successfully used as antibacterial
agents against ciprofloxacin-resistant bacteria. The
authors explained the observed tendency with the
greater affinity of the lipopolysaccharides of Gram-
negative bacteria to interact with AgNPs than the
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Gram-positive cellular wall [54]-[56]. As a result, the
lipopolysaccharides might trap and block the positive
charges of the silver ions. On the other hand, this
impedes the penetration of Ag* into the E. coli bacteria
and hence there is a great need of extracellular silver
ions for the destruction of the bacterial membrane.

Some researchers immobilized silver nanoparticles
on inert supports because of the nanoparticles’
tendency to agglomerate. The bactericidal effect of
silver-containing compounds such as AgO, Ag.O,
Ag-CO3, and AgsPO, onto different supports has been
investigated in literature [57], [58]. The study of
Sohrabnezhad and coworkers showed that Ag.CO;
supported on montmorillonite (MMT) exhibited better
antibacterial activity than Ag/MMT against E. coli. As
mentioned above, the bactericidal action of individual
materials is related to the impact of free silver ions. On
the other hand, silver nanoparticles are insoluble in
water so it is difficult to separate Ag* from their
surface. For this reason, the authors think that the
higher concentration of free silver ions obtained by
contacting the sample with water is responsible for the
better antibacterial activity of Ag.CO3;/MMT [58].

Buckley and coworkers have demonstrated that
nanoparticles of AgsPO, supported on hydroxyapatite
(HA) with different surface areas exhibit improved
antibacterial activity as compared to Ag-CO3/Al-03 and
unsupported AgO, Ag-0, Ag-COs3;, and Ags;PO4 [57].
There is a clear trend that the bactericidal action of
AgsPO4/HA is increased by decreasing the
concentration of Ag which is consistent with the results
published in [59].

Besinis et al. compared the antibacterial activity of
various nanomaterials (Ag, TiO., and SiO.) to the
routine disinfectant, chlorhexidine. The authors
concluded that Ag and AgNO; can be successfully
applied to inhibit the growth of Streptococcus mutans
(S. mutans) [60], making silver-containing materials
promising antibacterial agents in dentistry, where S.
mutans is known to be the major cause of dental caries.

However, prolonged exposure to silver salts can
lead to argyria, expressed in blue-gray pigmentation of
the skin and mucous membranes due to the absorption
of silver salts into the circulatory system and their
deposition in various body tissues [61].

Despite the widespread use of silver in different
fields of medicine, the data currently published on its
toxicity are limited. Studies conducted by Kittler et al.
[62] showed that, as a result of storage of AgNPs (in
water) for up to 6 months, there was a significant
increase in toxicity that the authors attributed to the
release of silver ions. Chernousova et al. [63] indicate
that Ag* and silver nanoparticles are toxic to eukaryotic
cells at concentrations of 1-10 mg/L and 10-100 mg/L,
respectively.

Gliga et al. found a linear relationship between Ag
nanoparticle toxicity and their size [64]. The results
obtained show that only the 10-nm particles were
cytotoxic for the BEAS-2B human bronchial epithelial
cells. However, there was no difference in the toxicity
between the 10-nm citrate-coated and the 10-nm
polyvinylpyrrolidone  (PVP)-coated nanoparticles,
indicating that their size rather than the capping agent

74

causes nanoparticle toxicity. This trend was confirmed
in the study performed by the group of Li, who
prepared Ag nanoparticles of different sizes (25, 35, 45,
60, and 70 nm), by using an optimized polyol method
with PVP as a surfactant [65]. Moreover, it is found
that the cytotoxicity of the tested materials against
human lung fibroblast cells was increased with the
decrease in particle size and concentration.

Despite the proven toxicity of silver-containing
materials, their excellent antibacterial properties
against a broad range of microorganisms are the cause
of the continued interest of the scientific community in
recent years. Evidence for the latter was obtained from
a study performed by Shahverdi, the aim of which is to
investigate the influence of silver nanoparticles on the
antibacterial activity of some antibiotics against S.
aureus and E. coli [66]. It has been found that the
effectiveness of antibacterial action of antibiotics as
penicillin G, amoxicillin, erythromycin, clindamycin,
and vancomycin is increased in the presence of Ag
nanoparticles against both bacterial strains. According
to the authors, the problem with the toxicity of Ag
nanoparticles can be solved by obtaining them through
the reduction of the Ag* ion with the -culture
supernatants of K. pneumoniae.

In addition to the proven toxicity of silver-
containing materials, another disadvantage is that
flammable and highly toxic chemicals are used to
produce them by conventional methods, leading to
environmental pollution. Bearing in mind that some of
the chemicals or by-products left behind during the
process get adsorbed on the surface of silver
nanoparticles and can cause adverse effects during a
medical application or treatment further purification
steps are required which make the process more
expensive [67].

In this regard, the interest of scientific community
is focused on the development of clean, nontoxic, cost
effective, and environmental-friendly methods for
nanoparticles synthesis. Biological approaches using
plant extracts and microorganisms have proved to be
better to some physical and chemical methods due to
slower kinetics, providing better control of crystal
growth and the use of non-toxic chemicals, renewable
materials or eco-friendly solvents [68]-[70]. Another
significant advantage of the biosynthesis of
nanoparticles, which is consistent with the principles of
green chemistry, is that it does not require the
application of conditions such as high pressure, energy
and temperature [71], [72]. At present, there are many
publications on the possibility that various ecological
materials including plant extracts [73], [74], [68],
mushrooms [751, bacteria [76], enzymes,
actinomycetes [77] can transform inorganic metal ions
into metal nanoparticles by the reductive capacities of
the metabolites (flavonoids, terpenoids and alkaloids)
present in these organisms [78]. A preferred precursor
for nanoparticles synthesis are prokaryotic bacteria
due to their relatively easy manipulation [79].

The advantages of the so-called "green synthesis"
are confirmed by Ahmed et al. [80] that successfully
use an aqueous leaf extract of the Azadirachta indica
(known as the evergreen tree Neem) for bioconversion
of silver ions to nanoparticles. A study on the ability of
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silver nanoparticles to inhibit the growth of two
bacterial strains (E. coli and S. aureus) was performed
using a disk-diffusion method. The authors find that
unlike plant extract and double distilled water (as
control), silver nanoparticles show good antibacterial
activity that can be attributed to their larger specific
surface area, providing better contact with cell wall of
microorganisms [81]. In addition, the bioconversion of
silver ions to nanoparticles occurs at room temperature
only for 15 minutes.

Along with its inherent advantages, plant-mediated
synthesis is of interest due to the existing relationship
between nanoparticle shape and size of the plant
product used as a reducing or capping agent. For
comparison, the silver nanoparticles prepared using
Neem and Carissa spinarum leaf extract have
spherical and cubic shape, respectively [82]. The
contribution of this publication to science is of utmost
importance, as it has been shown that the antibacterial
properties of silver nanoparticles depend to a large
extent on their shape. Soleimani et al. [83] synthesized
different shapes of silver nanostructures by varying the
temperature, AgNO3 concentration, pH and time of
synthesis. The antibacterial activity of obtained
nanoparticles was investigated against the strains S.
aureus, Bacillus subtilis, P. aeruginosa and E. coli. The
results revealed that all nanoparticles inhibit the
growth of the tested bacterial strains. Interestingly, Ag
cubic structures exhibit the strongest inhibitory effect
against bacteria, with a MIC of below 10 ppm. On the
other hand, silver nanostructures with different shapes
(rice, blunt-rod, sharp-rod and sphere) demonstrated
antibacterial activity at concentrations above 50 ppm.
Bearing in mind, that one of the basic requirements for
antibacterial agents to be biocompatible with human
cells, the interaction of nanoparticles with human
serum albumin has been investigated. It has been
found that the nanoparticles toxicity is shape and dose
dependent. At 30 ppm, the cubic nanostructures
completely degraded the protein, while in other shapes
of nanosilver, the denaturation effect on the protein
structure is not observed. As a result, the authors
concluded that silver nanostructures with smooth and
sharp-edged surfaces can be successfully used as
antibacterial agents in the pharmaceutical industry,
and to prevent the formation of biofilms in industrial
instruments, respectively.

Using an aqueous powder of turmeric powder,
Alsammarraie and coworkers [68] synthesized eco-
friendly silver nanoparticles and investigate their
antibacterial properties for two types of food pathogens
(E. coli and Listeria monocytogenes). The extract
contains some proteins that, according to the authors,
play a key role in the stabilization of nanoparticles. It
was found that AgNPs significantly inhibited both
bacterial strains even at the lowest concentration of
6 pg/mL. Good antibacterial properties of
nanoparticles were also confirmed by the results of
TEM and SEM analyzes showing significant shrinkage
and damage of the bacterial cell wall. Based on these
results, the authors conclude that this method can be
successfully used to synthesize silver nanoparticles to
inhibit food pathogens.

3. ANTIBACTERIAL ACTIVITY OF COPPER

Copper (Cu) is an essential microelement which is
necessary for human health due to the fact that it is an
important component of bone, cartilage, and
connective tissue. It is involved in the formation of red
blood cells, iron transport, the metabolism of
cholesterol and glucose, and brain development [61].

The first documented use of copper to sterilize
drinking water and wounds was found 4,000 years ago
in the Edwin Smith Papyrus, one of the most important
medical texts of Ancient Egypt. In addition,
Hippocrates (400 BC), regarded as the father of
medicine, used copper to treat leg ulcers caused by
varicose veins [84]. Copper has been shown to
demonstrate antibacterial activity against both Gram-
negative (E. coli, Salmonella enterica) and Gram-
positive bacterial strains (S. aureus) [61], [85], [86].
Currently, the most important advantage of copper as
an antibacterial agent is its ability to inhibit the growth
of MRSA. Due to bacterial resistance to various
antibiotics, including beta-lactam drugs (methicillin,
oxacillin, penicillin, amoxicillin, etc.), infections caused
by MRSA are difficult to treat and often occur for long
periods of time [87]. Mehtar et al. [88] proved the
antibacterial activity of Cu and its alloys and they
noticed that Cu-based materials are able to inhibit the
growth of MRSA, K. pneumoniae, P. aeruginosa,
Candida albicans (C. albicans), Acinetobacter
baumannii, and Mycobacterium  tuberculosis.
Temperature has a decisive role on the antibacterial
properties of tested alloys. None of the alloys tested
demonstrated antibacterial activity against MRSA at
4 °C. On the other hand, at room temperature,
C. albicans and P. aeruginosa were inhibited by NiAg
and brass 70/30 (Cu 70%, Zn 30%) at 60 min and 180
min while Cu and DZR (Cu 62%, Pb 2.5%, arsenate
0.13%, Zn 22.5%) are effective at 60 min and 180 min
against K. pneumoniae and Acinetobacter baumannii.
However, polyvinyl chloride and stainless steel used as
controls showed no antimicrobial effect. The results
showing that Cu completely inhibits K. pneumoniae
are beneficial to medicine due to the continuous
increase in the antibiotic resistance of the Gram-
negative bacteria K. pneumoniae. They are the third
most common cause of infections in the United States,
characterized by high mortality rates (20—40%) [89],
[90].

The importance of copper to human health has
been proven by other authors who found a relationship
between bone damage and low copper levels in the
human body. One of the main causes of the observed
trend is that copper deficiency can lead to both changes
in collagenous and non-collagenous bone matrices, as
well as a reduction in insulin-like growth factor-1 IGF-
1). IGF-1, also termed Somatomedin C, which is a
single-chain polypeptide hormone consisting of 70
amino acids that is secreted by human liver cells.
Because IGF-1 is a major cartilage anabolic factor, its
low levels can have a serious impact on health. In
addition, IGF-1 can keep cartilage cells in dynamic
balance in normal metabolism, but also stimulate
cartilage healing [91], [18].
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The relationship between copper concentration and
insulin-like growth factor-1 levels was also confirmed
by Chai and coworkers [18]. They concluded that Cu*
released into bone stimulate the synthesis of IGF-1,
which played a key role in osteogenesis. In vitro and in
vivo studies revealed that stainless steel (317L)
containing 4.5% of a copper alloy (317L-Cu) exhibits
good antibacterial activity against E. coli and S. aureus
together with remarkable biocompatibility when
compared to 317L and Ti—6Al-4V controls. The lack of
significant differences between preoperative and
postoperative blood copper levels in rabbits makes
copper alloys suitable as biomaterials.

It is also reported in scientific literature that copper
has antibacterial properties against foodborne
pathogens such as Salmonella enterica (S. enterica)
[92]. Salmonella is the second most frequent cause of
foodborne disease (11%). Statistics indicates that
Salmonella infections can lead to a fatal outcome in
28% of cases. The use of copper alloys with different Cu
content (60—99.9%) as an alternative to stainless steel
can be an effective approach for inhibiting the bacterial
growth and therefore for preventing S. enterica
infections. Zhu et al. [92] concluded that the
antibacterial activity of the alloys not only depends on
the concentration of Cu, but also on other factors. For
example, a tendency towards an increase in the
inhibitory effect of the alloys with the increase in the
Cu content therein is observed. However, this
regularity is not valid in all cases. Under the same
conditions, higher copper concentration alloy C75200
(65% Cu, 17% Zn, 18% Ni) exhibits a lower antibacterial
effect against Salmonella than C28000, which has a
lower copper content (60% Cu). The authors suggested
that the observed trend was attributable to the better
corrosion resistance of the Cy5200 alloy due to the
presence of Ni (18%). The experiments carried out by
Wan et al. [93] revealed that copper ion implantation
on stainless steel 317L led to bacterial growth
inhibition. On the other hand, weaker corrosion
resistance was observed. Bearing in mind that one of
the basic requirements of metal materials is high
corrosion resistance, the implantation of Cu appears to
be an ineffective approach for enhancing antibacterial
properties of stainless steel.

It has been proved that Cu has an impact on the
antibacterial activity not only of stainless steel, but also
of titanium alloys. Liu and coworkers [94] reported
that the Cu content has to be at least 5 wt.% in order to
obtain Ti-Cu alloys with stable antibacterial activity. As
mentioned before, the corrosion resistance of the
samples decreases with an increase in Cu content,
necessitating the need to seek other methods to obtain
materials with suitable properties. The preparation of
stainless steel containing Cu and Nb may be a good
approach since it has been found that even though
niobium itself has no antibacterial activity, it can
improve antibacterial properties of copper. In addition,
the use of smaller amounts of Cu is ensured and
negative impact on corrosion resistance can be
avoided. A study on the antibacterial activity of copper-
(3.8%) and niobium- (0.1%) alloyed stainless steels,
obtained by heat treatment at 550 °C, 700 °C, and 800
°C for 100, 200, 300, and 400 hours [95], has shown
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that the most significant inhibition of E. coli was
observed in samples treated at 700 °C and 800 °C.

Although synthetic hydroxyapatite
(Ca10(PO4)s(OH)-) does not possess any antibacterial
properties, it has recently aroused great interest due to
its excellent qualities such as cytocompatibility,
osteoconductivity, similarity to the dentine of teeth and
the inorganic part of bones and non-toxicity regardless
of concentration [96]. Additionally, to provide the
required osseointegration, the implants are coated by a
thin layer of HA [97]. To overcome the major problem
associated with the lack of antibacterial activity, Li et
al. [98] synthesized Cu2*- and Ti4*-substituted
hydroxyapatite (CuHA; TiHA) at various molar ratios
(M/Ca = 0.01, 0.05, 0.10, and 0.15) by a wet chemical
method coupled with an ion exchange reaction. Their
results showed that the antibacterial action of Cu-
substituted hydroxyapatite against E. coli was more
superior than that of TiHA. Regardless of the better
antibacterial properties of CuHA, Ti-substituted
hydroxyapatite is a preferred material for implant
coatings owing to the established lower cytotoxicity to
osteoblast cells.

It is interesting to study the mechanism of
antibacterial action of copper nanoparticles, as the
literature on this issue is scarce. Some researchers
suppose that Cu ions released by the nanoparticles can
interact with phosphorus- and sulfur-containing
biomolecules such as DNA and proteins in order to
destroy their structures. As a result, a disruption of
biochemical processes in bacterial cells was observed
[99]. Raffi and coworkers [85] stated that the
antibacterial mechanism results from strong
adsorption of copper ions to bacterial cells and that it
depends on the nanoparticle concentration. It should
be noted that Cu acts as a micronutrient for bacteria
due to the delay of the lag phase which occurs at lower
concentrations of copper. Conversely, at higher
concentrations, inhibition of bacterial growth was
observed.

According to the literature, bactericidal efficacy of
materials is largely determined by the type of
microorganisms. A comparative study on the ability of
silver and copper nanoparticles to inhibit the growth of
three bacterial strains (Bacillus subtilis, E. coli and S.
aureus) was performed using a disk-diffusion method.
Copper was found to demonstrate better antibacterial
properties against Bacillus subtilis compared to Ag
[99]. Some researchers explained the significant
bactericidal effect of Cu nanoparticles by their greater
affinity towards surface active groups of the Bacillus
subtilis [100].

The antibacterial activity of CuO nanoparticles
prepared by the thermal decomposition method was
investigated against the strains E. coli, S. aureus, P.
aeruginosa, and Bacillus circulens [101]. A significant
degree of growth inhibition on E. coli and S. aureus
was observed after 3 hours at a nanoparticle
concentration of 4 mg/mL. However, the weakest
antibacterial activity of CuO was demonstrated against
Bacillus circulens.

Despite the advantage mentioned above, the ability
of copper to quickly oxidize in the air limits its
application [102].
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4. ANTIBACTERIAL ACTIVITY OF MAGNESIUM

Magnesium (Mg) and its alloys have gained
increasing interest as materials for medical implants
due to their excellent mechanical and biological
properties such as strength, biodegradability, and
biocompatibility. Magnesium is the fourth most
abundant intracellular ion in the human body and it
serves as a cofactor in more than 300 biochemical
reactions, including protein synthesis, neuromuscular
transmission, and muscle contraction [103], [104].

The thermodynamic instability of magnesium is
considered to be the main reason for its easy oxidation
in the presence of water. As a result, magnesium
hydroxide Mg(OH)- and hydrogen gas are formed and
the pH of the medium is increased:

Oxidation: Mg — Mg™* +2e”
Reduction:2H,0+2e¢” — H,, +20H"

In the presence of Cl ions in body fluids,
magnesium hydroxide can transform to a soluble
magnesium salt MgCl. [105]-[107].

Magnesium-based alloys can be referred to the
group of biodegradable implant materials. The
similarity between mechanical properties of Mg-
containing materials and those of natural bones is a big
advantage of theirs in orthopedic application. It has
been proven that the specific density (1.74—2 g/cms3)
and Young’s modulus (41—45 GPa) of Mg are
comparable with those of human bones [108].
Moreover, a very rapid corrosion of Mg and its alloys is
observed under physiological conditions (pH 7.4-7.6).
This prevents performing a second surgical
intervention to remove the implant after bone healing
[109], [110]. Another important property of Mg
implants is the fact that free magnesium ions (Mg2*)
showed no toxic effects because the concentration of
magnesium in the human body is regulated by
homeostatic mechanisms [111]. In this way, the
possibility of complications related to the long-
standing presence of implants in the human body is
excluded [109].

It has been reported [112] that implantation of an
Mg intramedullary nail into the bone cavity of a rat
inhibits the growth of MRSA, thereby preventing the
osteomyelitis and improving new peri-implant bone
formation.

The application of Mg as an alternative to
commercially available polyurethane urethral stents is
of great interest to the scientists. According to the
literature, 10—50% of patients who undergo short-term
catheterization develop Dbacterial urinary tract
infections [113]. Lock et al. reported comparative
investigation of the antimicrobial properties of
polyurethane stents and polystyrene plates with those
of magnesium strips against E. coli. Their results
indicated that unlike Mg, the other two substrates did
not inhibit bacterial growth, as evidenced by the double
density cells [106]. Authors also examined the
mechanism of degradation of Mg in three different
solutions (artificial urine, Luria Bertani broth, and
deionized water) and concluded that its antibacterial
action can be attributed to the greater amount of
magnesium ions in the solutions due to their

alkalization. In vitro studies conducted by Hou and
coworkers [114] also confirm the significant role of the
alkaline environment with respect to the antibacterial
activity of high-purity Mg (HP Mg, 99.98 wt.% Mg)
against MRSA. On the other hand, in vivo tests showed
adhesion of a large number of bacteria on the surface of
Mg implants and in the femur bones leading to bone
infection.

In 2010 [105], it is reported that in in vitro
conditions, pure magnesium metal exhibits a similar
antibacterial effect against E. coli, P. aeruginosa, and
S. aureus with that of the broad-spectrum
fluoroquinolone antibiotic Enrofloxacin. At the same
time, it was found that the higher Mg2* concentration
alone did not result in the inhibition of bacterial
growth, but the bactericidal effect appeared to a greater
extent after an increase of pH.

Another factor that complicates the use of
magnesium biomaterials is their poor corrosion
resistance in a physiological environment. It is
estimated that the corrosion rate of pure Mg (99.9%
purity) in a 3% NaCl solution is about 410-8300 mpy
(milli-inch per year) [115], [116]. As a result, they lose
their mechanical integrity rapidly before complete
bone tissue healing. To overcome this disadvantage of
magnesium samples, the alkali and thermal treatment
provide a feasible alternative [117]. As already
mentioned earlier, because of the absorption of the
chloride ions contained in body fluids on the
magnesium oxide films, it is possible that Mg(OH)-
interacts chemically with them to form MgCl.. In order
to assess the influence of Cl- on the corrosion of the
samples, simulated tissue fluids with and without
chloride ions were tested. In the presence of CI,
samples treated with a saturated solution of NaHCO;-
MgCO; corroded to a significant extent and after 10
days were completely dissolved. At the same time, the
alkali-heat-treated magnesium (purity 99.9%) samples
demonstrate high corrosion resistance regardless of the
composition of the body fluid.

Ren et al. [104] stated that the surface modification
of pure Mg and the AZ31 alloy (Mg-3 wt.% Al-1 wt.%
Zn) by fluorine and silicon-containing coatings is an
effective approach to improving the antibacterial
activity and reducing the degradation rate under
physiological conditions. The authors reported that
untreated Mg had great antibacterial action against
both E. coli and S. aureus. The results revealed that
after 6 hours the growth inhibition rates of bacteria
reached over 99.9% as a result of the increase in pH of
7.4 to about 8.5. After 24 hours, the pH value increased
to 10. At the same time, it has been found that a
silicon-containing coating on pure Mg may reduce the
rate of its degradation. The observed results are
probably due to the smaller change in pH values, i.e.
weaker alkalinity of the medium.

5. ANTIBACTERIAL ACTIVITY OF ZINC

Zinc (Zn) is an essential micronutrient involved in
the construction and function of various enzymes and
metalloproteins [118]. The adult human body contains
about 1.5—2.5 grams of Zn, present in all cells, organs
and tissues. It is estimated that nearly 90% of the
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body’s Zn content is stored in the skeletal muscles and
bones. Zinc plays a fundamental role in the
maintenance of the immune system, hormone balance,
and cellular metabolism and has a positive impact on
accelerating wound healing [119]. Toothpastes and
mouthwashes also contain Zn due to its antimicrobial
action. Zinc in combination with triclosan inhibits
dental plaque accumulation and prevents gum
inflammation (gingivitis) [120]. For this reason,
Burguera-Pascu and coworkers investigate the
effectiveness of mouthwash containing Zn salts (sulfate
and acetate) against S. mutans, which is the main
cause of caries [121]. Their results indicated that both
of the zinc salts inhibited in equal measure the
bacterial strain. In addition, the use of Zn salts for
longer time periods does not cause the staining of oral
tissues compared to other active ingredients such as
Ag, Sn, or chlorhexidine.

Hu et al. [122] evaluated the mechanism of
antibacterial action of Zn-containing materials
prepared by Zn incorporation into TiO: coatings on
titanium by the plasma electrolytic oxidation
technique. Based on the results obtained from the ICP-
OES analysis showing a low concentration of free zinc
ions, the authors conclude that the primary
contribution to the inhibitory effect on E. coli and S.
aureus is the generation of reactive oxygen radicals
(ROS). At the same time, Zn-incorporated TiO- favors
the adhesion, proliferation, and differentiation of rat
bone-marrow stem cells in contrast to the Zn-free
coating and commercially pure Ti.

Despite its strong antibacterial properties, it has
been found that zinc exhibits toxicity at high
concentrations. Therefore, an important requirement
with respect to the application of Zn-containing
materials is to obtain balance between the low
cytotoxicity and the bactericidal effect. In this regard,
Zhao and coworkers evaluated the effect of the Zn
content (0.199 at.%, 0.574 at.%, and 1.995 at.%) of Ti
coatings on the cytoactivity of osteoblast cells (MG63)
and bacteriostasis to S. mutans, which causes tooth
plaque [123]. The authors stated that the Zn content in
the coatings has to be from 0.199 at.% to 0.574 at.%. in
order to obtain dental implants with promising
features. On the other hand, a higher Zn content had a
negative effect on cell viability.

In order to assess the effect of Zn on the
osteogenetic function of mouse osteoblastic MC3T3-El
cells, Seo et al [124] determined collagen
concentration and bone marker protein alkaline
phosphatase (ALP). The authors showed that Zn is
favorable to bone formation as a result of an increase
osteoblast cell proliferation and ALP activity and
collagen synthesis in MC3T3-E1 cells. The ability of
zinc to stimulate osteogenesis is also confirmed in the
study performed by the group of Kawamura [125], who
implanted composite ceramics (ZnTCP/HA) consisting
of HA and Zn-containing f-tricalcium phosphate
(ZnTCP) and ZnTCP in the femora of rabbits. Their
results demonstrated the positive effect of ZnTCP/HA
at a concentration of 0.316 Zn wt.% on bone formation,
corresponding approximately to 25 times the content
of Zn in human bones. At higher zinc content (0.633
wt.%) in ZnTCP and ZnTCP /HA, bone resorption on
the endostemal surface was observed.
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In another study, Reyes-Vidal et al. [126]
synthesized composite coatings of zinc/silver particles
(Zn/AgPs) by electrodeposition with
cetyltrimethylammonium bromide (CTAB) as a
dispersant and investigated their antimicrobial activity
against E. coli and S. aureus. In the presence of Zn
coatings without silver nanoparticles, the growth
inhibition rates for E. coli and S. aureus were 87.0%
and 89.5%, respectively after 1 minute of contact time.
On the other hand, with the same contact times and
even at very low densities of the silver particles in the
7Zn/AgPs coatings, the growth inhibition rates of E. coli
and S. aureus increased to 94.1% and 91%,
respectively. The Zn/AgPs composite coating is the
preferred option owing to its ability to inhibit bacterial
growth for long periods of time. For example, after 30
minutes of contact time, the growth inhibition rates of
E. coli were 80.5% and 95.4% in the presence of the Zn
coating and Zn/AgPs, respectively. After 3 months of
implant insertion, a bone-to-implant contact ratio of
71% was measured for the zirconia and 83% for the
titanium implants, respectively.

There is evidence that pure nano-HA and zinc
doped hydroxyapatite (Zn-HA) inhibit the growth of
five bacterial strains, P. aeruginosa, Shigella flexnert,
Micrococcus luteus, S. aureus, and Bacillus cereus
[127]. In another study, Igbal et al. reported that the
co-substitution of small amounts of Zn>* and Ag* into
synthetic HA structure resulted in the formation of a
material with promising antibacterial properties
against S. aureus and E. coli [128].

It has been shown that higher content of copper in
biomaterials induces cytotoxicity effects. To overcome
this, Huang et al. [129] co-substitute Zn as a secondary
element into a CuHA coating on commercially pure
titanium (Ti-cp) using the electrodeposition method.
Based on the results obtained from the ICP-OES
analysis showing that the released Zn ions increase
with implantation time and similarity in the surface
roughness, microstructure, and wettability of CuHA
and ZnCuHA, the authors concluded that Zn is the
cause for the enhanced proliferation of MC3T3-E1 cells.
Moreover, the corrosion tests on the uncoated, HAP-
coated, and ZnCuHA-coated Ti-cp show that the
ZnCuHA coating demonstrates the best corrosion
resistance in simulated body fluid. The in vitro
cytotoxicity assays of MC3T3-E1 osteoblast cells
showed that the ZnCuHA coating (Cu 1.22 wt.% and Zn
1.02 wt.%) on Ti promotes cell viability to a greater
extent than pure HA and titanium.

6. ANTIBACTERIAL ACTIVITY OF SELENIUM

In the production of sulfuric acid in 1817, the
Swedish chemist Berzelius proved that an unknown
element was found in industrial waste. He called it
selenium according to the name of the Greek goddess
of the Moon (Selena) to show that as the Moon is a
companion of the Earth, selenium accompanies the
tellurium discovered in 1782, named after the goddess
of the Earth (Telus) [130]. Selenium (Se) is an
important trace element for plants, animals, and
humans. In the past, it has not been used as a
therapeutic agent due to its toxicity. Today, selenium is
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considered to be incorporated into 25 different
selenoproteins and involved in a number of important
physiological processes, which is why it is essential for
the immune system to function properly [131]. The first
to report the benefits of Se was the German scientist
Klaus Schwarz. According to the author, the selenium
contained in brewer’s yeast was found to prevent liver
necrosis of vitamin E-deficient rats [132], [130].
Selenium acts as a cofactor for the antioxidant enzyme
glutathione peroxidase (GPx), the main function of
which is the maintenance of low levels of hydrogen
peroxide in the cells, ensuring the neutralization of free
radicals, and the protection of cells from oxidative
stress [133],[134].

Many studies have confirmed the role of selenium
in the prevention of cancer and -cardiovascular
diseases. Lubinski et al. [135] reported that higher
dietary selenium intake may have a positive
therapeutic effect in breast cancer patients as the
increased risk of death in these patients was associated
with low serum selenium levels. For comparison, the
survival rates were 68% and 82% for women with the
lowest (<64.4 pg/L) and highest (> 81.0 pg/L) levels of
serum selenium, respectively. The recommended daily
allowance of Se is 55 ug for adults [136]. Moreover,
according to a report by Combs [137], 300 pg per day
can reduce the risk of cancer. In 1979, it has been found
that selenium deficiency can contribute to the
development of Keshan disease. It mainly occurs in Se-
deficient areas in China. Clinical outcomes of the
disease, including multifocal myocardial necrosis, an
enlarged heart, and subsequent congestive heart failure
mainly affect children between 2 and 13 years of age.
Another condition associated with low selenium levels
in the body is endemic osteochondropathy (bone
disease), called Kashin-Beck disease [138].

Despite the indisputable benefits of Se for the
human body, its proper dosing is important due to the
high toxicity of Se at higher concentrations. At present,
the Tolerable Upper Intake Level for adults is set at
400 pg/day of Se [139]. The chronic toxicity of
selenium, known as selenosis, occurs in skin lesions,
gastrointestinal disorders, and changes in keratin
structure, causing hair loss and paralysis [140]. A
number of studies associate these symptoms with the
consumption of high-Se crops grown on soils derived
from coal, containing more than 300 pg Se/g [141].

In 2014, the positive effect of Se on the antifungal
activity of L. plantarum and L. johnsonii (grown with
or without selenium dioxide) against Candida albicans
was confirmed [142]. According to the results, both
bacterial strains alone do not inhibit the growth of C.
albicans but are capable to reduce selenium dioxide to
various sized-nanoparticles, which accumulate inside
the cells and are believed to be responsible for higher
antifungal activity. For instance, after 0.5 h of
incubating C. albicans with Lactobacillus strains
enriched with Se nanoparticles and those that are not,
the viability had decreased 10 and 1000 times,
respectively.

Despite the indubitable benefits of the inhibitory
effect of selenium, it is important to investigate its
ability to prevent the formation of bacterial biofilms
with respect to its application as an antibacterial agent.
Bacterial biofilms form a polymer exopolysaccharide

matrix that acts as a shield to prevent the penetration
of antibiotics into the biofilm and thus is a reason for
ineffective treatment of bacterial infections [87].

Investigating the antibacterial properties of Se
nanoparticles against S. aureus, the major cause of
nosocomial infections, Tran and Webster [87] found
that nanoparticles produced by the reduction of
sodium selenite by glutathione inhibited bacterial
growth up to 60 times compared with the control (o
pg/mL Se), thus preventing the formation of a bacterial
biofilm. The results of the tests to determine the
percentage of live bacteria in the solution showed that
at Se 7.8-31 pg/mL, only 60% of the bacteria were
alive, whereas in the control they were almost 90%.
Wang and coworkers coated selenium nanoparticles on
the surface of polycarbonate medical devices by using a
precipitation method and found that obtained Se
nanoparticles of 50-100 nm diameter can be
successfully used to prevent biofilm formation by S.
aureus [143]. In another study [144], Holinka et al.
stated that the sodium selenite coating (Na2SeOs;)
(0.1%, 0.2%, and 0.5% Se) on titanium discs is a
suitable way to prevent implant-associated infections.
It was found that selenium inhibits the growth of
Staph. aureus and Staphylococcus epidermidis at MIC
of 0.4%. Beside their antibacterial properties, selenium
coatings demonstrate excellent biocompatibility and no
negative effect on the osteoblast cell adhesion
(osteosarcoma cell line MG-63) on the implant surface
even with 0.5% selenium.

7. ANTIBACTERIAL ACTIVITY OF ZIRCONIUM

The name zirconium (Zr) originates from the
Arabic word Zargon meaning “golden in color” [145].
When exposed to air, zirconium quickly develops a thin
protective layer of zirconium dioxide (ZrO-), called
ceramic steel. This layer prevents Zr from corrosion
and thus prevents the release of metal ions in biological
fluids [146]. ZrO. was isolated for the first time in 1824
by Berzelius, but was actually discovered by the
German chemist Martin Heinrich Klaproth 35 years
earlier [147]. Zirconium dioxide can be found in nature
as two minerals, Zircon (ZrO:xSiO:) and Baddeleyite
(ZrO-) [148]. The unique combination of properties
including mechanical strength, high durability and
good chemical stability, make zirconia a promising
material for the manufacture of various medical
implants [149]. Helmer and Driskell were the first to
report the biomedical applications of zirconium dioxide
[147]. According to them, ZrO- is a suitable alternative
to titanium and aluminum dentures in hip
replacement. Several references dating back to 1997
reported the zirconia abutment Zirabut® (Wolhwend
Innovative, Zurich, Switzerland) [150]. Zirconia is
considered to be one of the strongest ceramics used to
make implants. For example, the bending strength of
Al:O3 (400-600 MPa) was lower than that of ZrO.
(1000 MPa) [8].

ZrO-» and Ti have similar properties, including
biocompatibility and stability, but ZrO- is a preferred
bioactive material mainly due to its better aesthetic
qualities and the fact that it creates a lower degree of
phlogistic reactions in the tissue [151]. Due to the
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similarity of the color of ZrO. to that of natural tooth
structures and the possibility of preventing the
unpleasant bluish staining of the gingiva that occurs
with titanium implants, the application of ZrO. is
extremely important from an aesthetic point of view
[152]. Significant evidence has been reported in
relation to the positive effect of Zr on titanium alloy
properties. In a study done by Ho et al. [153], it was
reported that a series of binary Ti-Zr alloys having a
zirconium content ranging from 10 to 40 wt.% had
better mechanical properties than pure Ti. For
example, the hardness and bending strength of Ti-40Zr
were 350 HV and 1.628 MPa, respectively, whereas
those of commercially pure Ti were 186 HV and 844
MPa.

Excellent mechanical properties of stainless steel
have awakened great interest in the scientific
community. This motivates Sherepo et al. [154] to
assess the impact of zirconium and zirconium nitride
coatings on the properties of stainless steel (316L). The
authors implanted disks of chromium-nitride steel with
or without titanium, zirconium, and zirconium nitride
coatings in soft tissues of the back of a rat. According to
their results, the uncoated implant is surrounded by a
thick capsule of granulation tissue with many vessels
and macrophages and neutrophil infiltration. In
addition, the capsule becomes more mature with
increasing implant residence time. On the other hand,
100 days after the implantation of the zirconium
implant, the capsule is significantly thinner and no
inflammatory process is observed. Based on the results,
it may be concluded that, the zirconium coating can
improve the quality of steel implants and thus make
them promising biomaterials for implants used in
orthopedics.

A survey of the literature has shown that there are
very limited reports concerning the antibacterial
activity of zirconium materials. Jangra et al. reported
comparative investigation of the antimicrobial activity
of ZrO: nanoparticles and zirconium mixed ligand
complexes against bacterial strains (E. coli and S.
aureus) and the fungal strain Aspergillus niger [155].
According to their findings, ZrO. inhibits only E. coli,
but Zr (IV) complexes are active against all strains
tested. The antibacterial activity of ZrO. against Gram-
negative bacterium E. coli was confirmed by
Pradhaban et al. [156]. The authors deposited ZrO- and
Ag-ZrO- composite coatings onto stainless steel (316L)
by using a pulsed laser deposition method and
examined the effectiveness of the resulting materials to
inhibit the growth of bacterial strains E. coli and S.
aureus. Based on the results obtained from the
elemental analysis confirming the presence of 1.17 wt.%
Ag in the Ag-ZrO- composite coatings, Pradhaban and
coworkers concluded that the deposited amount of
silver is enough to achieve excellent antibacterial
activity against both types of bacteria. Ravikumar et al.
[157] evaluated the efficacy of five types of
nanoparticles (Al-O3, Fe;0,4, CeO-, ZrO-, and MgO) on
ophthalmic pathogens — namely, K. pneumoniae,
Acinetobacter sp., P. aeruginosa, E. coli, Streptococcus
pyogenes, and Streptococcus viridans. Their results
demonstrated that all the nanoparticles possess
antibacterial activity against P. aeruginosa. The
minimum inhibitory concentrations of ZrO. were 60
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pg/ml and 50 pg/ml for P. aeruginosa and E. coli,
respectively. However, all tested bacterial strains were
resistant to CeO. and MgO. In another study,
Ravikumar et al. [158] showed that ZrO- nanoparticles
inhibited the growth of Salmonella sp. at a
concentration of 2.5 pug /ml.

One of the most important requirements for
implants is their ability to form strong bonds with
bone. Therefore it is necessary to study the possibilities
for improving the osseointegration of zirconium
implants [159]. In 2008, it was found that screw-type
yttrium-stabilized zirconia implants with a modified
(acid-etched) surface were integrated into the tibia of
12 minipigs in a similar way to acid-modified titanium
implants [160]. After 3 months of implant insertion, a
bone-to-implant contact ratio of 71% was measured for
the zirconia and 83% for the titanium implants,
respectively. As a result, the authors concluded that
ZrO- could be used successfully to make implants with
potential application in dentistry.

Motivated by the need for high corrosion resistance
of the metal implants in body fluids for long periods of
time, Sanchez et al. [161] investigates whether
modification of zirconium by anodisation in H3PO, is
an effective method for improving its surface
characteristics. Results of in vivo testing of Wistar rats
showed that surface modification of Zr favors
osseointegration.

8. CONCLUSION

The increasing need to implant medical devices
such as dental implants, hip joints, cardiovascular
implants, intraocular lenses, etc., together with the
increased resistance of pathogenic microorganisms to
different types of antibiotics poses a serious threat to
human health worldwide due to the risk from the
occurrence of implant-associated infections. The latter
can hardly be treated due to formation (as a result of
bacterial adhesion) of biofilm on the biomaterial
surface. Moreover, the rate of these infections increases
proportionally with the time the implant remains in the
body. For this reason, in the past decades, considerable
attention has been focused on the synthesis of new
materials with antibacterial properties with potential
application in medicine. The deposition of small
amounts of metals such as silver, copper, selenium, etc.
on the surface of alloys could be considered as a
suitable alternative to conventional antibiotic
therapies. Therefore, this current review aimed to
discuss and analyze the latest research that addressed
the antimicrobial activity of metals together with their
mechanism of action and the possibility of metals to be
used for implant modification.

Titanium alloys, stainless steel, and synthetic
hydroxyapatite with good corrosion resistance and
biocompatibility are promising candidates for medical
devices. A disadvantage of these materials limiting
their practical application is their lack of antibacterial
activity. However, there is evidence that the co-
substitution of small amounts of zinc and silver into the
structure of synthetic hydroxyapatite and stainless
steel resulted in the formation of materials with
promising antibacterial properties. At the same time,
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Zn-incorporated  TiO. favors the adhesion,
proliferation, and differentiation of rat bone-marrow
stem cells in contrast to the Zn-free coating and
commercially pure Ti. Moreover, it has been reported
that the surface modification of titanium implants by
silver plating is an effective approach not only to
improve osseointegration of implants but also to
inhibit bacterial growth of P. aeruginosa, which is the
major cause of hospital-acquired infections such as
pneumonia and osteomyelitis. The excellent
antibacterial properties of magnesium implants make
them a suitable alternative to commercially available
polyurethane urethral stents, causing bacterial urinary
tract infections in 10—50% of patients.

On the other hand, it has been shown that
nanoparticles  exhibited  superior antibacterial
properties compared to antibacterial agents of the
macroscopic phase. Due to their smaller size, which
provides larger surface-area-to-volume ratios and
therefore better contact with microorganism
nanoparticles, they possess a very high activity against
a wide range of bacteria even at low concentrations.
Additionally, the effectiveness of the antibacterial
action of antibiotics as penicillin G, amoxicillin,
erythromycin, clindamycin, and vancomycin is
increased in the presence of Ag nanoparticles.

Finally, it may be concluded that the modification
of implants by metals with antibacterial properties is
an effective approach to prevent or reduce the risk of
hospital-acquired infections, which can very often lead
to implant rejection, morbidity, and even mortality.
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