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Background: Proliferation of bacteria, such as Staphylococcus aureus and Staphylococcus epidermidis, on
orthopedic implants has been a challenge in orthopedic surgery, highlighting the problem of the increas-
ing antibiotic resistance and the necessity to develop new antimicrobial agents. In this sense, antimicro-
bial peptides are promising candidates, which can be attached to titanium surfaces in order to make them
safer. Mytilus mussels are characterized by adhering efficiently to a wide variety of surfaces, especially
metallic ones, through adhesive proteins with a high content of dihydroxyphenylalanine, which is a
post-translational modification of tyrosine.
Results: This work refers to the synthesis of a coating based on a bifunctional peptide that combines a
sequence derived from the mussel foot protein-5 and the antimicrobial peptide pEM-2, derived from
Bothrops asper snake venom. The adhesive properties of this bifunctional peptide were evaluated, as well
as the adhesive sequence without the pEM-2, using a Quartz Crystal Microbalance. The results showed
that the presence of the antimicrobial peptide improved the adhesion; however, a loss of the bactericidal
activity was observed. Even so, the adhesive sequence by itself exhibited an important antifouling activ-
ity, preventing S. aureus and S. epidermidis adhesion to titanium by 75% and 45%, respectively, although
the result against S. epidermidis was not significant.
Conclusions: A 13-residue peptide derived from a natural and biocompatible source, like aMytilus mussel
adhesive protein, could be projected as a protective agent on titanium surfaces against S. aureus and
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S. epidermidis, being responsible for two thirds of the cases of orthopedic implant infection.
How to cite: Gauna A, Mercado L, Guzmán F. Antimicrobial characterization of a titanium coating derived
from mussel-glue and Bothrops asper snake venom for the prevention of implant-associated infections
caused by Staphylococcus. Electron J Biotechnol 2022;56. https://doi.org/10.1016/j.ejbt.2022.02.001.
� 2022 Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Synthetic adhesive and bifunctional peptides derived from Mfp-5 and pEM-2
sequences. DOPA residues are denoted as Y*.

Internal ID Sequence

6Y(AMP) KKWRWWLKALAKKY*Y*GKAKKY*Y*Y*KY*K
6Y Y*Y*GKAKKY*Y*Y*KY*K
1. Introduction

Infections are a significant problem in orthopedic surgery that
often leads to implant failure and replacement and, in severe cases,
can result in amputation and even mortality [1]. Most of implant-
associated infections are caused by gram-positive Staphylococcus
bacteria [2].

Several strategies have been adopted in order to reduce the risk
of infection; some of them included the adhesion of functional
coatings. The first approach to these coatings is to prevent infec-
tion by preparing the surface to hinder microbial colonization.
Then, there are coatings whose function is not to prevent microbial
adhesion, but to kill those microorganisms that do adhere [3]. This
latter category includes coatings based on antimicrobial peptides,
which are immobilized on surfaces using different techniques
[4,5,6].

Antimicrobial peptides (AMP) are attractive candidates as ther-
apeutic agents because they are capable of killing a broad spectrum
of bacteria (including typically multi-resistant strains), fungi, and
viruses by a non-specific membranolytic mechanism, reducing
the development of antimicrobial resistance [7,8]. AMP are small
peptides (from 12 to 80 amino acids, corresponding to molecular
weight from 1 to 5 kDa), mostly cationic and amphipathic [9].
These characteristics allow most of them to bind to the negatively
charged bacterial cell membrane of bacteria via electrostatic inter-
actions, leading to cell disruption and rapid death, while other pep-
tides act indirectly by modulating the host defense system [10,11].

PEM-2 (KKWRWWLKALAKK) is an AMP derived from myotoxin
II, a phospholipase A2 homolog, present in the Bothrops asper snake
venom. This peptide showed high bactericidal activity against Sal-
monella typhimurium and Staphylococcus aureus strains, with low
toxicity to muscle cells [12]. In subsequent studies, the pEM-2 pep-
tide was shown to have fungicidal properties against a variety of
Candida species, killing 100% of the yeast cells at concentrations
close to 5 lM, an activity that is partially inhibited by high concen-
trations of extracellular divalent cations (Ca2+ or Mg2+), in accor-
dance to its proposed mechanism of action as a membrane
permeabilizer [13].

Mytilus mussels are known for their ability to adhere to marine
surfaces by the secretion of adhesive proteins that form a solid pla-
que, capable of mediating firm attachment to a wide variety of wet
surfaces, such as rocks, metal, polymer and wood structures. The
adhesive and cohesive properties of mussel foot proteins (Mfps)
have been linked to the presence of L-3,4-
dihydroxyphenylalanine (DOPA), a catecholic amino acid that is
formed by post-translational modification of tyrosine [14]. These
DOPA residues confer these adhesives a great versatility due to
their ability to form hydrogen bonds with hydrophilic surfaces
and participate in coordination bonds with ions and metal oxides.
Six Mfps have been described, where Mfp-5 is recognized as the
main adhesive protein with the higher DOPA content (28%) and a
mass of 9 kDa [15,16].

Some works have explored the adhesive properties of DOPA
residues in the development of new coatings based on synthetic
peptides, which are functionalized with chemical groups or poly-
mers with antifouling properties [17,18,19]. Other investigators
have expressed some fusion proteins in E. coli cells based on the
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sequence of mussel adhesive proteins and peptide sequences with
silver-binding [20] or osseointegration [21] properties to be used
in medical materials to increase their biocompatibility and safety.

Inspired by the versatility and biocompatibility of mussel adhe-
sion, we synthesized a novel bifunctional peptide that combines a
sequence derived from Mfp-5 and the antimicrobial sequence of
pEM-2 in order to obtain a coating for the prevention of implant-
associated infections.

2. Materials and methods

2.1. Peptide selection and synthesis

13-Mer adhesive peptide with a high content of DOPA and Lys
residues was selected from FASTA sequence of Mytilus edulis
Mfp-5 (GenBank accession no. AAL35297.1). This peptide was syn-
thesized with and without the antimicrobial peptide pEM-2
(Table 1) using standard Fmoc chemistry on Rink amide resin
(0.55 meq/g) using N,N,N0,N0-tetramethyl-O-(1H-benzotriazol-1-y
l) uronium hexafluorophosphate (HBTU) and O-(1H-6-chlorobenzo
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HCTU) as activators and in situ neutralization with ethyldiiso-
propylamine (DIPEA) in N,N-dimethylformamide (DMF) as solvent.
Fmoc deprotection was carried out using a solution of 20% of 4-
methylpiperideine in DMF. Peptides were cleaved using a solution
of trifluoroacetic acid/triisopropylsilane/2,20-(ethylenedioxy)die
thanethiol/water (92.5/2.5/2.5/2.5) and purified by RP-HPLC to a
purity higher than 90% [22,23]. The molecular mass and purity of
peptides were confirmed by electrospray ionization mass spec-
trometry (Shimadzu Corp., Kyoto, Japan) and RP-HPLC,
respectively.

2.2. Incorporation of DOPA by enzymatic hydroxylation

At this point the sequences were synthetized with tyrosine resi-
dues and an enzymatic treatment was necessary to obtain the
adhesive or modified versions of the sequences. Tyr residues in
the peptides were then hydroxylated to DOPA using a commer-
cially available mushroom tyrosinase (Sigma-Aldrich). Reaction
buffer was made by dissolving 0.1 M Na2HPO4 and 50 � 10–3 M
Na2B4O7 in water, with ascorbic acid subsequently added to adjust
the pH to 7.0. 4 mg of peptides was first dissolved in 2 mL of water
and then 8 mL of reaction buffer was added to obtain the final pep-
tide solution, which turned cloudy at that point. 1 mg of mush-
room tyrosinase was dissolved in 0.2 mL buffer and added to the
peptide solution and the resulting mixture was constantly stirred
for 2 h at room temperature. Finally, 0.5 mL of glacial acetic acid
was added to stop the reaction. Modified peptides were purified
by RP-HPLC and the molecular mass was confirmed by MALDI
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mass spectrometry. Peptides were stored as lyophilized powders at
room temperature and dissolved just before use [24].
2.3. Quartz crystal microbalance (QCM) measurements

QCM-D (QSense� Analyzer) measurements were carried out
with titanium probes, studying the deposition and coating stability
of the peptides. Solutions of 1 mg/mL of peptides were prepared in
0.1 M acetate buffer pH 3. Subsequent washing steps were done
with the same buffer solution of deposition. Data were processed
using QSense Dfind software (Biolin Scientific) [25].

Graphics and statistical calculations were performed by the
Graphpad Prism v6.1 for Windows (GraphPad software. San Diego.
CA. USA). Results were expressed as mean plus standard deviation.
The results were analyzed by Tukey’s two-way ANOVA multiple
comparison test. Significant differences were determined at
P < 0.0001.
2.4. Antimicrobial assays for pEM-2

Antibacterial activity of peptide pEM-2 was determined against
Staphylococcus aureus (ATCC 25933) and Staphylococcus epider-
midis (ATCC 35984). The minimum bactericidal concentration
(MBC) was evaluated in 96-well microtiter plates as reported
[26]. Bacteria were cultured overnight in trypticase soy broth
(TSB) and diluted until reaching an optical density (OD600) of
0.4–0.7. Cultures containing 1 � 107 colony-forming units per
milliliter (CFU/mL) were exposed for 1 h at 37�C to peptide solu-
tions of 10, 20 and 30 mM. Following the exposure, bacteria were
subjected to seven ten-fold serial dilutions and incubated for
16 h at 37�C in fresh TSB media. All assays were carried out in trip-
licate and surviving bacteria were quantified as colony-forming
units per milliliter (CFU/mL) for each peptide concentration.
2.5. Circular dichroism (CD) spectroscopy

CD spectroscopy of each peptide, including bifunctional, adhe-
sive and the pEM-2 peptides, was carried out on a JASCO J-815
CD spectrometer (JASCO Corp., Tokyo, Japan) in the far ultra-
violet (UV) range (190–250 nm), using quartz cuvettes (0.1 cm
path length). Each spectrum was recorded averaging three scans
in continuous scanning mode. Solvent blank was subtracted from
each sample spectrum. Molar ellipticity was calculated for each
peptide using 250 mL of 2 mM peptide in 30% (v/v) 2,2,2-
trifluoroethanol. Resulting data were analyzed using Spectra Man-
ager software (Version 2.0, JASCO Corp., Tokyo, Japan) [27].
2.6. Antimicrobial assays on substrate

1 cm-diameter titanium discs (grade 5) were used as substrates,
which were previously washed once with a solution 2% dodecyl
sodium sulfate (SDS) for 10 min and four times with ultrapure
water and finally sonicated for 10 min in pure ethanol. Clean discs
were modified overnight by peptide adsorption into the buffer
solution mentioned above, gently washed with ultrapure water
to remove the no-adhered peptide and dried.

Modified and unmodified substrates were placed in 24 well
plates, UV-sterilized for 15 min and covered with 570 mL of tryptic
soy broth (TSB) medium. 30 mL of 1� 107 CFU/mL of S. aureus and S.
epidermidis culture in exponential growth phase was added and
incubated for 24 h at 37�C. Samples were rinsed using 250 mL of
phosphate-buffered saline (PBS) and three independent assays
were conducted:
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(1) Substrates were treated with a Live/Dead Cell Double Stain-
ing kit (Sigma-Aldrich) and the image was capture using an
epifluorescence Ti Nikon microscopy, provided with the NIS
Elements software.

(2) Bacteria were then detached from the substrates by immer-
sion of the samples in PBS, agitation for 3 min using an ultra-
sonic bath, and vortex mixing for 1 min. 100 mL of the
resulting detachment solution were transferred to a 96-
well microplate, and after adding 150 mL of TBS to each well,
optical density changes were measured at 600 nm during
24 h at 37�C [28].

(3) Bacteria were fixed overnight in 500 mL of 2.5% (v/v) glu-
taraldehyde in PBS at 4�C. Subsequently, the samples were
dehydrated with graded ethanol and then dried. A small
amount of platinum was sputtered on the samples to avoid
charging in the microscope. Cells were examined under a
scanning electron microscope (Hitachi SU 3500, Tokyo,
Japan). This assay was accomplished just with the bifunc-
tional peptide to observe the possible effect of the antimi-
crobial sequence adhered to Ti on S. aureus [29].

3. Results and discussion

3.1. Adhesion properties of synthetic peptides

An adhesive sequence derived from the Mfp-5 with six DOPA
residues was selected to be synthesized as a unique lineal peptide
together with the pEM-2 antimicrobial sequence in the N-
terminus, due to the importance of the positive charge of the
amine group in the antimicrobial activity. The adhesive sequence
with only 13 residues was synthesized as well. The sequences
are summarized in Table 1 and Fig. 1, when the internal ID denotes
the number of DOPA residues and the presence of the antimicrobial
peptide (AMP).

Peptide adhesion was determined using a quartz crystal
microbalance (QCM) equipment in which the amount of material
attached is recorded as a decrease in the frequency of the quartz
resonator and, similarly, an increase in frequency denotes a mate-
rial removal. So, this equipment, depending on the characteristics
of the film, allows to calculate the amount of adhered material
through a direct relationship with the frequency change in the res-
onator (Df). Two factors were considered to determine their effect
in the deposition and coating stability of synthetic peptides: the
presence of antimicrobial sequence and the modification of tyro-
sine to DOPA.

We used the peptide 6Y(AMP) and its version without the
antimicrobial sequence 6Y, in its modified and unmodified ver-
sions. Fig. 2 shows that the modified versions of both peptides (or-
ange and green) not only showed a greater amount of material
attached (higher Df), but the adhesion was stable after 30 min of
subsequent washing with the same deposition buffer. Unmodified
peptides (blue and magenta) had a lower and unstable adhesion, as
shown by the increasing frequency during washing, denoting a
partial removal of the material.

On the other hand, the presence of the antimicrobial sequence
pEM-2 favored the adhesion of the 6Y(AMP) versus the 6Y peptide.
It can be thought that a higher Df could be due to the considerably
higher molecular mass of 6Y(AMP) and that is why the calculation
for molar density was carried out using the Sauerbrey equation
[30]. This equation can be used only when the coating is a rigid film
and the change in resonator dissipation is less than 5% of the Df,
which proved to be true for all coatings reported in this work.

The data expressed as surface molar density (Fig. 3) allowed us
to make a more realistic comparison of the different coatings and
to determine that the presence of the antimicrobial peptide
effectively enhances the adhesion, probably due to its high lysine



Fig. 1. Structure of peptides 6Y(AMP) and 6Y.

Fig. 2. QCM measurements of 6Y and 6Y(AMP) and their modified version. The enzymatic modification and the presence of AMP caused a higher frequency shift.
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content, which favors it by three different mechanisms: 1) By dis-
placing surface water and ions to increase the effective binding
sites; 2) By being directly involved in cooperative surface binding
in a sequence dependent manner; 3) By enhancing cohesion by
Michael addition to oxidized species or by forming cation-p inter-
actions [31]. Recently, Maier et al. [32] and others [33,34] utilized
surface forces apparatus (SFA) to study the adaptive synergy
between amine and catechol in binding to wet mica, using small
molecule cyclic analogs with Lys or Arg present adjacent to cate-
chol or phenyl groups. Their results showed that the adhesion
energy is remarkably higher when both catechol and amine are
present, suggesting a synergistic effect between these functional
motifs.

3.2. Antimicrobial activity for pEM-2 and circular dichroism
spectroscopy

Antibacterial activity of peptide pEM-2 was determined against
Staphylococcus aureus (ATCC 25933) and Staphylococcus epider-
34
midis (ATCC 35984) and a minimum bactericidal concentration
(MBC) of 10 mM was enough to kill the bacteria at a concentration
of 1 � 107 CFU/mL. Due to the importance that the secondary
structure has in the antimicrobial activity of this peptide, CD anal-
yses of pEM-2, as well as bifunctional and adhesive peptides were
carried out. These results are summarized in Fig. 4.

Circular dichroism results showed that the antimicrobial pep-
tide pEM-2 has a a-helix structure, a structure that it is very
important in the antimicrobial activity, in agreement with H1

NMR analysis accomplished by Yu et al. [35]. Therefore, it is crucial
that the binding of this AMP to adhesive sequences does not affect
its structure, so the antimicrobial activity could remain intact and
may be transferred to the surface to be coated.

It should be noted that the adhesive sequence 6Y showed a ran-
dom structure, but the bifunctional peptide 6Y(AMP) showed a a-
helix structure, indicating that the presence of the adhesive
sequence, with more random characteristics, does not affect signif-
icantly the structure of AMP. This indicates that the coating could
well preserve and transfer the bactericidal properties of pEM-2 to
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titanium surface. However, the following antimicrobial assays con-
tradict this hypothesis.
3.3. Antimicrobial assays on substrate

To determine if the proposed coatings could be projected as a
protection for titanium orthopedic implants, small substrates
made of titanium were coated with peptides 6Y(AMP) and 6Y
and the coated and uncoated samples were subjected to a cell cul-
ture of Staphylococcus aureus and Staphylococcus epidermidis in
exponential growth phase.

Substrates treated with Live/Dead staining kit (Sigma-Aldrich)
are shown in Fig. 5, where live bacteria are visualized as green
cells, while dead ones are red (Fig. 5). As can be seen in Fig. 5a
and d, the uncoated substrates showed a high density of live bac-
teria, while both peptides had a potent antifouling activity against
S. aureus, with less living and dead bacteria observed on the coated
surfaces (Fig. 5b and c). However, the coatings seem to have no
effect against S. epidermidis, since bacteria survival and prolifera-
tion appear to be the same with and without the presence of the
peptides 6Y(AMP) and 6Y (Fig. 5e and f). Furthermore, even when
a lower density of S. aureus was observed in substrate coated with
peptide 6Y(AMP) (Fig. 5b), its capture could be comparable with 6Y
(Fig. 5c), suggesting that the antimicrobial sequence does not con-
tribute to the activity.

The absence of an antimicrobial effect was confirmed by a scan-
ning electron microscopy analysis (Fig. 6), where both bacteria
remained intact even on substrates coated with the 6Y(AMP) pep-
tide (Fig. 6b, 6d and 6e). However, according to Live/Dead staining
Fig. 4. Circular dichroism analysis of the antimicrobial peptide pEM-2, the bifunctiona
bifunctional peptide 6Y(AMP) showed a a-helix structure, while peptide 6Y showed a r
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assays, reduced S. aureus proliferation on substrate coated with the
bifunctional peptide was observed (Fig. 6b).

To quantify the antifouling effect of both coatings against Sta-
phylococcus strains, a detachment protocol of adhered bacteria to
coated and uncoated substrates was conducted. The growth kinet-
ics of detached bacteria is shown in Fig. 7a and c for S. aureus and S.
epidermidis, respectively. The bacteria detached from the sub-
strates coated with the 6Y peptide showed a lower initial absor-
bance (at t0) than in the case of the bifunctional peptide 6Y
(AMP), which suggests a mostly antifouling effect, independent
of the presence of the antimicrobial sequence.

Finally, Fig. 7b and d shows the absorbance values at t0 = 0 h and
tf = 24 h of growth kinetics for all samples of S. aureus and S. epider-
midis, respectively. Peptides 6Y(AMP) and 6Y prevented the initial
S. aureus adhesion by 38% and 75.6%, respectively, regardless of the
presence of the antimicrobial sequence. A reduction of 45% in S.
epidermidis adhesion compared to nude substrate was observed,
although this difference was not significant. It must be noted that
during this kinetic experiment, the bacteria were growing without
the presence of the substrate or the coatings, so the difference
between absorbance values at tf = 24 h tends to be less obvious.

All these data indicate that, even when the synthesis of pEM-2
together with the adhesive sequence seems not to affect the a-
helix structure of the antimicrobial peptide, the adhesion process
leads to the loss of its bactericidal activity. This may be due to
some minor conformational changes resulting from substrate
adhesion, or because some of the Lys residues of the antimicrobial
peptide are involved in crosslinking between peptide chains. How-
ever, it must be noted that, even without bactericidal effect, pep-
tide 6Y prevents the S. aureus by 75.6%.

In a comprehensive study, Ostuni et al. [36] tested the ability of
a wide range of self-assembled monolayers to resist protein
adsorption, describing the so called ‘‘Whitesides rules” that indi-
cate that those monolayers that are hydrophilic, electrically neu-
tral, and containing hydrogen bond acceptors, are more effective
in resisting protein adsorption [37]. Although peptide 6Y has a pos-
itive net charge, due to the presence of multiple lysine residues,
most residues, like DOPA, could be involved in adhesion to tita-
nium and in producing cohesion of the film. In this way, the hydro-
philic cover formed by hiding the positively charged residues
would avoid interaction with proteins and potentially with
microorganisms as well.

This may explain the powerful antifouling effect of peptide 6Y
against the S. aureus strain. This effect was not so obvious against
S. epidermidis, according to the results of the live/dead staining,
SEM and the detachment protocol. The explanation could be in
the proteins involved in the primary adhesion to inert surfaces, like
S. epidermidis accumulation-associated protein (Aap) and the Bap
homologous protein (Bhp).

Bioinformatics analyses suggest that the Aap protein consists in
two domains, denoted as A and B [38,39]. This protein and its
orthologous, SasG (S. aureus surface protein G), have been shown
l peptide 6Y(AMP) and the adhesive peptide 6Y. Antimicrobial peptide pEM-2 and
andom structure.



Fig. 5. Fluorescence microscopy images of nude and coated substrate with 6Y(AMP) and 6Y peptides and then treated with S. aureus (a, b and c) and S. epidermidis (d, e and f)
bacteria. Live bacteria are shown in green, dead ones in red.

Fig. 6. Scanning electron microscopy images of nude and coated substrates with 6Y(AMP) peptide and then treated with S. aureus (a, b) and S. epidermidis (c, d and e) bacteria.
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to mediate biofilm formation in the absence of PIA (polysaccharide
intercellular adhesin). To this purpose, domain A must be cleaved,
allowing the dimerization of the B domains with adjacent bacteria,
facilitating bacteria accumulation [40]. While the processing of Aap
and SasG differs, inhibition of proteolytic cleavage of domain A
prevents biofilm formation in both species [41].

On the other hand, Bhp was first posted by Bowden et al. [38] as
the S. aureus Bap (biofilm-associated protein) homologue from S.
epidermidis RP62A, which has been proposed as a promoter of
36
the primary binding of this strain on abiotic surfaces, as well as
intercellular adhesion during the formation of biofilms. In contrast
to Aap, which is found in approximately 90% of S. epidermidis iso-
lates, Bhp is encoded in approximately 15–45% of the isolates
[42]. In S. aureus, Bap is even less frequent and Vautor et al. [43]
found that bhp was not encoded in 262 S. aureus isolates obtained
from various animal and human sources. Bap is mostly present in
bovine mastitis isolates of S. aureus, and their absence from human
clinical isolates is because Bap-mediated biofilm formation seems
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to be a system specialized for the conditions present in the mam-
mary gland, where calcium concentration can reach the high val-
ues necessary to modulate Bap function (�10 mM) [44].

Based on the fact that S. epidermidis RP62A strain used in this
study (ATTC 35984) contains the bhp gen, we wonder if the Bhp
protein, is as decisive in its adhesion on titanium surfaces as to hin-
der the antifouling action of the peptides used in this study. Addi-
tional analysis is required to answer this question.

Finally, even when the presence of the antimicrobial peptide
does not contribute to the activity, an adhesive peptide with only
13 amino acid residues, derived from the Mfp-5 of Mytilus edulis
mussel, proved to be enough to show an antifouling effect prevent-
ing S. aureus and S. epidermidis adhesion to titanium surface by
75.6% and 45%, respectively. This result was obtained in the
absence of additional chemical groups, like poly(ethylene oxide)
or poly(sulfobetaine methacrylate), typically used to obtain
antifouling surfaces based on polymer brushes.
4. Conclusions

The reported results demonstrate that a sequence derived from
the mussel adhesive protein Mfp-5 can be synthetized with coating
effect on titanium surfaces. As expected, the adhesion of this type
of coatings is intimately linked to DOPA residues, where Tyr mod-
ification is necessary. Interestingly, the presence of the antimicro-
bial sequence pEM-2 showed to favor the adhesion due to its high
content of Lys residues, which may increase the crosslinking
37
between peptide chains but reduce the antimicrobial activity. Con-
sequently, the bifunctional peptide constructed by the adhesive
and the pEM-2 sequences, did not show bactericidal characteris-
tics. However, a powerful antifouling activity was observed, the
adhesive sequence by itself being enough to reduce S. aureus adhe-
sion by 75%. In conclusion, this 13-res peptide derived from a nat-
ural and biocompatible source, like Mytilus mussel, could be
projected as a possible protective agent against pathogens on tita-
nium surfaces, typically used in orthopedic implants.
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