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This work proposes an innovative strategy that combines two well-known easy and economical prep-
aration techniques: powder metallurgy based space-holder (SH) technique to provide porous biocom-
patible Ti substrates with balanced biomechanical behavior (for cortical bone tissue substitution)
promoting bone ingrowth and biocoating infiltration, and electropolymerization to coat these substrates
with the polypyrroleesilver nanoparticles (PPy-AgNPs) composite conductive polymers improving its
corrosion resistance, biocompatibility with enhanced antibacterial activity. The deposited PPy-based
coatings present a cauliflower-like structure well adhered to the porous substrates. The macroporosity
of and rough inner pore surface of Ti SH substrates are responsible for the superior adhesion of the
conductive polymer comparing to typical denser substrates obtained by powder metallurgy or forging.
The corrosion protection properties of the coatings were investigated by open circuit potential and
Anodic Polarization in PBS media to simulate possible implant conditions, revealing improved corrosion
resistance for the composite coatings. The bioactivity of the coatings was evaluated by immersion tests,
revealing the formation of Hydroxyapatite after 90-day immersion in PBS. In both PPy and PPy-AgNPs
composite coatings, a displacement of the polarization curves to more noble potentials and a decrease
in the current density, indicated that the coating's protective character is maintained after 90-day im-
mersion in PBS. The antibacterial activity was assessed by using the KirbyeBauer disk-diffusion method
against Staphylococcus aureus (ATCC 25923). The inhibition halo increased from 5.5 ± 0.4 mm for the bare
substrate to 8.2 ± 0.6 mm for the PPy-coated substrate and to 12.5 ± 0.7 mm for the PPy-AgNPs-coated
porous Ti. This feature associated to the improved corrosion protection and biocompatibility would
significantly contribute to the success of the potential use of porous Ti implants by SH technique
envisaging substitution of small damaged bone tissues for example in tumors.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Over the last decades, enormous efforts have been made in
enhancing the mechanical and biological properties of metallic ti-
tanium implants. Particularly, recent advances in porous titanium
produced by space-holder technique (SH) show these materials as
very promising for implant applications [1,2]. The percentage and
size of the porosity obtained with this technique depends on the
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spacer particles used. Adequate porosity must guarantee a good
biomechanical (stiffness and yield strength) and biofunctional
(bone in-growth and osseointegration) balance, which allows
solving the problems of bone resorption and loosening of the
implant, reducing the risk of failure/rejection of these [1e3].
Although it has been observed that porosity improves the activity
of osteoblasts, they are also preferential sites for the proliferation of
bacteria and corrosion phenomena.

It is known that titanium implants present excellent corrosion
resistance associated with the formation of a protective TiO2 layer;
however, in the patient body, these implants are exposed to very
corrosive environments. Highly oxygenated fluids and dissolved
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oxygen, the presence of inorganic anions (Cl�, HPO4
2�, HCO3�) and

cations (Naþ, Kþ, Caþ, Mg2þ) or even changes in the pH caused by
unexpected diseases or infections, together with the concentration
of mechanical efforts over a highly porous material with rough and
irregular pores, could seriously damage this protective layer, lead-
ing to the implant's corrosion [4e8]. The need to face these situa-
tions and to control any possible degradation drives the attention
over polymeric protective coatings that can at the same time offer
resistance against aggressive media, favor osseointegration, and
even work as local therapeutic agent delivery [9,10].

In the field of corrosion protection, conductive polymer coatings
have been widely investigated as they present high stability, high
conductivity and provide protection of anodic dissolution, media-
tion of oxygen reduction and act as barriers and inhibitors [11e13].
Although the mechanism of protection of conductive polymers is
not fully understood, investigations point out that the advantage of
conductive polymers over other coatings is that they act not only as
a physical barrier but also as an electronic barrier, which enhances
the corrosion protectionwhen compared to other materials that act
only as physical barriers. One of the most investigated conductive
polymers for corrosion protection of metals is polypyrrole (PPy), a
biocompatible polymer [14,15] that can be electrosynthesized
directly onto metallic implants [14]. Electropolymerization is a
well-known technique to prepare conductive polymer coatings on
different metals. The simplicity of the methodology, the control
over the coatings thickness, the possibility for doping during syn-
thesis and to perform in situ characterization of the polymer during
its growth by electrochemical or spectroscopic methods are some
of the advantages of this technique. This could be a very interesting
and adequate procedure to coat highly porous small metallic im-
plants produced by SH technique, the size of the pores produced
favors the introduction of the electrolyte solution, and its irregular
pore shape and roughness could further improve the adhesion of
the coating to the substrates as previously observed for coatings of
different nature, including polymeric coatings [16e19].

It has been reported that the protective effect of PPy coatings on
stainless steel by a mixed mechanism of isolation and load transfer,
displacing the corrosion potential to more positive values and
reducing the corrosion current [20e22]. Another protection
mechanism is based on anion exchange stabilizing the formation of
a passive layer at the metal surface [21,23]. Moreover, the redox
behavior of PPy was found to provide self-healing properties to
scratched coatings [23,24] this could be of great interest in the case
of biocoatings subjected to concentration of mechanical efforts in
aggressive environments. Recently, PPy was successfully applied to
the protection of porous stainless-steel substrates obtained by
powder metallurgy (PM) [25]. These are however substrates with
low porosity (around 10%) when compared to those obtained by SH.
In the present work, PPy films are prepared by electrodeposition
directly on highly porous Ti-cp substrates by SH technique, aiming
to improve the corrosion resistance of potential candidates for
small bone implants.

A first step limiting the functionality of the protective coatings is
the adherence; previous works have reported lack of adhesion of
PPy to oxidizable metals [8]. Recently, electopolymerized PPy
coatings were successfully deposited on porous stainless-steels
substrates, claiming that porosity is improving the adhesion of
PPy to the metallic surfaces [25,26]. Following this late work, a
highly porous surface of Ti substrates would favor the adhesion of
the conductive PPy coatings.

PPy has been reported to not only to be biocompatible but also
to favor cell adhesion and proliferation [27,28] as well as to have
bactericidal activity [13,27]. Thus, the association of PPy bio-
protective coatings with SH porous Ti substrates would provide not
only the adequate mechanical properties with biofunctional
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balance (corrosion resistance and bone ingrowth) for example in
the replacement of small, damaged bone tissues but also would
work as antibacterial layer. A relevant challenge to a successful
implant is the mitigation and prevention of the high rate of
implant-related infections, a protective conductive polymer layer
with antibacterial activity could make a difference being an alter-
native to traditional administration of antibiotics. The antibacterial
activity of PPy has been attributed to a strong electrostatic inter-
action between the polymer structure, positively charged, and the
bacterial cell walls that are negatively charged [13,28], destroying
the bacterial cell wall, interacting with the cell membranes, dis-
rupting the balance of proton transfer, and inhibiting the cellular
respiration causing cell death [28].

It is also known that PPy can be doped with organic or inorganic
materials during electropolymerization to improve hydrophobicity,
corrosion resistance, adhesion, within others [26,29], and also with
different drugs either antibiotics or anti-inflammatory to reduce
fever and pain in biomedical applications [30,31]. Also, composites
based on PPy nanoparticles with antibacterial agents such as Ag,
CuO, or chitosan nanoparticles have been reported to show
enhanced antibacterial activity [32e35]. In this work, we will focus
on the introduction of a small amount of silver nanoparticles to
produce PPy-protective composite coatings. Silver nanoparticles
(AgNPs) have been described to damage bacterial cell via prolonged
delivery of Ag þ ions, showing a potent antimicrobial activity [36]
and a low cytotoxicity [37], having better physiochemical and
biological properties beyond bulk silver [38]. Even though concerns
on adverse effects of silver nanoparticles in human have motivated
different studies in the field of toxicity of silver nanoparticles
[39,40] the discussion points that it is related to the size, shape,
concentration, synthesis process, surface charge or coatings of the
NPs [41]; the benefits of adding AgNPs in medical devices are
known [42e44] particularly the application of nanoparticles as a
drug to combat bacterial diseases either in a synergic effect
enhancing the effectiveness of antibiotics [45e47] or as an alter-
native to the use of conventional antibiotics, avoiding the world-
wide problem of antibiotic resistance [48]. In the present work, a
small concentration of AgNPs was used, embedded in a PPy coating
that will not degrade in the human body releasing the NPs. In this
sense, we could take part of the benefits of the antibacterial effects
silver nanoparticles allied to the ones of the PPy coating. Previous
studies indicate that PPy-AgNPs composites with low concentra-
tion of AgNPs exhibits low cytotoxicity [35,49] balancing biocom-
patibility and antibacterial activity.

Moreover, in this work, we present an innovative approach by
introducing PPy-based coatings as a strategy to enhance the
corrosion resistance of highly porous Ti substrates prepared by SH
technique to be used in small bone implant applications (as in the
case of the need of substitution of damaged bone tissues as for
example in bone tumors). Such combination of biopolymeric PPy-
based material, loaded with silver nanoparticles, which allows at
the same time, to improve the resistance to corrosion and to reduce
the proliferation of bacteria; and porous titanium substrates (to
solve the stress shielding phenomenon), was not, up to our
knowledge, previously reported. The main idea is to explore further
the properties of PPy-based coatings by putting together two well-
known and easy and economical preparation techniques as PM-
based SH technique to fabricate the implant substrate and elec-
tropolymerization to coat. Moreover, we investigate the roll of the
PPy-protective layer on Ti porous substrates on the corrosion
resistance in physiological environments as well as the antibacte-
rial activity against staphylococcus aureus bacteria, a bacterium
highly tolerant to saline environment. The different porosity,
handily provided by SH technique, will allow to investigate the
anticorrosion protective role of PPy coatings checking whether
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there is a critical porosity limiting the protection of these coatings.
For improving the antibacterial properties of these coatings, silver
nanoparticles were added during electropolymerization. Wu and
coworkers [35] have also investigated the incorporation of silver
nanoparticles in electropolymerized PPy coatings. In their work, Ag
nanoparticles were introduced via plasma immersion implantation.
Up to our knowledge, no previous similar investigations have been
published combining electropolymerized PPy and composites of
PPy with silver nanoparticles deposited directly on porous Ti
metallic substrates. Also, biological tests were included to further
support the possibility to use the protected porous Ti substrates as
implants. Moreover, the electrodeposition of composite PPy
conductive polymers modified with metal nanoparticles could be
off great interest for other potential applications, as in the case of
electrochemical sensors, due to the high relation surface/volume,
increasing the interest in these kind of composite materials [50,51].
2. Materials and methods

2.1. Fabrication and basic characterization of the porous Ti
substrates

Porous Ti disks of 12 mm diameter, with different percentage of
porosity, were prepared by SH technique. For this purpose, different
amounts of ammonium bicarbonate(AB; 30e60 vol.%) with a size
ranging from 250 to 355 mmwere mixed with cp-Ti powders grade
IV (SEJONG Materials Co. Ltd. Seoul, Korea), with a mean particle
size (d50) of 23.3 mm, in a Turbula T2C Shaker-Mixer for 40 min to
ensure a good homogenization. Green substrates were obtained by
pressing the mixtures in a universal Instron 5505 testing machine
at 800 MPa. The AB spacers were thermally removed by heat
treating the substrates in two stages of 12 h at 60 and 110 �C, under
low vacuum condition of 10�2mbar. A final step of sintering was
carried out in a molybdenum chamber furnace (Termolab, �Agueda,
Portugal), for 2 h at 1250 �C under high-vacuum conditions
(~10�5mbar). More details on substrates’ preparation and charac-
terization can be found in Ref. [52]. On the other hand, for com-
parison purposes, in this work, coatings over commercial titanium
substrates obtained by forging processes (cold rolling) and by
conventional powder metallurgical routes (1300 MPa, sintering at
1300 �C, for 2 h and similar vacuum conditions) were evaluated.

In relation to the titanium substrates, in this work, a basic
microstructural and mechanical characterization is carried out to
verify the repeatability of the manufacturing process, comparing
the results with previous ones by the authors. The porosity of the
substrates was characterized by Archimedes and image analysis to
evaluate the total porosity, interconnected porosity as well as the
equivalent diameter. Scanning electron and confocal laser micros-
copies were used to assess the surface roughness. The stiffness and
yield strength of the porous substrates were estimated following
fitting equations described in the literature [53,54].
2.2. Electrodeposition of polypyrrole and PPy-Ag NPs composite
coatings

Electropolymerization technique was used to obtain the coat-
ings directly on the porousmetallic substrates. It was carried out on
an EG&G Parstat 273 A potentiostat/galvanostat at room tempera-
ture, with the classic three-electrode configuration. A platinum
plate was used as counter electrode, the Ag/AgCl electrode in a
3 mol/L KCl solution as reference electrode, and, as working elec-
trode, the Ti substrates with a final surface finishing polished with
1 mm diamond aqueous suspension and cleaned in an ultrasonic
bath with water-ethanol.
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To prepare the PPy coatings, we started from optimized condi-
tions previously described for porous SS substrates [25,26]. The PPy
coatings in the present work were obtained by electro-
polymerization at a constant potential of 0.9VAg/AgCl during 1800s,
from a solution containing 0.1 mol/L of pyrrole and 0.05 mol/L of
DBSA (Dodecylbenzene sulfonic acid) as dopant.

The synthesis of silver nanoparticle (AgNPs) colloids was carried
out according to the procedure proposed by Creighton [55]. Two
solutions were prepared: (1) AgNO3 (1$10�3 mol/L) in deionized
water and (2) NaBH4 (2$10�3 mol/L) in deionized water; 30 mL of
solution (2) with excess of ice-cold was placed on a stirring plate,
then 10 mL of solution (1) was added drop by drop to the NaBH4
solution with vigorous shaking to aid monodispersity. Using this
procedure, a yellow colloid with a UV absorbance maximum at
l ¼ 393 nm was obtained (Fig. S1a). Also, transmission electron
microscopy measurements were performed to confirm size and
crystallinity of the NPs, using a JEM 1011HR transmission electron
microscope (JEOL USA, Inc., Peabody, MA) (Fig. S1b shows repre-
sentative particle micrograph and electron diffraction).

PPy-AgNPs nanocomposites were synthesized by the ‘trapping
method’ [50] from a solution containing 0.2 mol/L pyrrole and
0.1 mol/L DSA. This solution was mixed (1:1) with a solution con-
taining AgNPs previously formed (Ag colloidal suspension). The
electropolymerized films were obtained by chronoamperometry
using a constant potential at 0.9 VAg/AgCl over a period of 1800 s.

All samples were named as described in Table 1: first by the
condition of the substrate, followed by PPy for polypyrrole coatings
and by PPy/AgNPs for the case of the composite coatings.

2.3. Physicochemical and microstructural characterization of the
coatings

The morphology, composition, and crystalline structure of the
PPy and PPy-AgNPs coatings were investigated by scanning elec-
tronmicroscopy attachedwith energy-dispersive X-ray (SEM-EDX),
attenuated total reflectance Fourier transform infrared spectrom-
etry (ATR-FTIR) using an Cypher ES Spectrometer (Asylum
Research, Santa Barbara, USA) and by X-ray diffraction (XRD) per-
formed in an Agilent SuperNova diffractometer (Agilent Technol-
ogies XRD Products, Yarnton, UK) using micro CuKa/MoKa
radiation with CCD Atlas detector (AgilentTechnologies XRD Prod-
ucts, OX5 1QU, UK). X-ray diffraction measurements were per-
formed on coated Ti substrates and also on self-supported coatings
that were peeled from the forged and conventional PM substrates
to avoid the high intensity of substrate diffraction peaks. The
morphology of the coatings was investigated by SEM (ESEM
QUANTA 200 FEG, FEI, Hillsboro, OR, USA), and the average surface
roughness (Ra) was studied by atomic force microscopy (AFM)
measurements (CYPHER-ES Asylum Research, Santa Barbara, USA).
Line scans as well as 2D and 3D images were obtained.

The study of the tribomechanical behavior of the coatings in-
cludes microhardness and adhesion resistance tests. The adhesion
of the coatings to the Ti porous substrates was tested according to
the ASTM D 4541e2 test method A [56] using Scoth Magic™
double-side tape, and a Mecmesin (BFG 50 N) dynamometer was
used for evaluating the pull-off strength of the coatings, while that
the hardness of coated substrates was evaluated, in a Matstusawa
Microindenter, by performing Vickers microhardness tests using a
load of 0.2 Kg and dwell time of 15 s. Also, small loads of 0.05 Kg
were performed to evaluate the hardness of the coatings with
lower influence of the substrate. The results obtained correspond to
the arithmetic mean value of at least 10 indentations; the highest
and lowest values were discarded.

Also, the conductivity of the PPy films at room temperature was
evaluated through four-probe method using an HAAMEG HM



Table 1
Preparation routes and nomenclature of the samples in this work.

Bare substrates Coated with polypyrrole (PPy) Coated with polypyrrole þ AgNPs (PPy/AgNPs)

Forged Forged PPy Forged PPy/AgNPs

PM 0 vol.% PM 0 vol.%ePpy PM 0 vol.% - PPy/AgNPs

SH 30 vol.% 30 vol.% -PPy 30 vol.%- PPy/AgNPs
40 vol.% 40 vol.% ePpy 40 vol.%- PPy/AgNPs
50 vol.% 50 vol.% ePpy 50 vol.%- PPy/AgNPs
60 vol.% 60 vol.% ePPy 60 vol.% -PPy/AgNPs
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8040e2 IeV source meter, over the 12 mm disks by placing the
probes equidistant.

2.4. Electrochemical corrosion measurements

Electrochemical corrosion measurements were carried out to
test the behavior of the PPy-based coatings. To simulate a possible
implant scenario, the tests were performed using PBS solution
(0.8 g/L NaCl, 0.2 g/L KCl, 0.594 g/L Na2HPO4, 0.2 g/L KH2PO4) at a
temperature of 37 �C ± 1 �C. The corrosion tests were carried out in
a three-electrode conventional cell using a saturated calomel
electrode (SCE) as the reference electrode and graphite as the
counter-electrode. The test was performed in deoxygenated con-
ditions (purged with nitrogen).

The open circuit potential was measured for 3600 s of immer-
sion of the samples in the electrolyte solution. Potentiodynamic
anodic potential curves were made following the ASTM G-5 [57].
After 30 min of open-circuit conditioning, the anodic potentiody-
namic scan started at 50 mV below VOCP, reaching 1000 mVSCE,
using 50 mV/min as the potential scan rate.

The corrosion rate was determined using Tafel's extrapolation
methods. Tafel's cathodic and anodic slopes, the corrosion poten-
tials, and the corrosion current densities were estimated from the
Tafel plots. All tests were repeated three times for each condition.

EIS measurement was performed at open circuit potential from
10MHz to 0.1 Hz at 10 data cycles/decade after measurement of the
free potential from the immersion time during 1800s. All electro-
chemical experiments were repeated three times to verify
reproducibility.

2.5. In vitro tests: bioactivity and antibacterial behavior

To investigate the biocompatibility of the coatings, immersion
tests in PBS were performed during 90 days at 37 �C. After the
immersion test, the formation of hydroxyapatite (HA) on the
coatings was assessed by SEM-EDX.

The stability of the coatings after the biological test was also
evaluated by anodic polarization (AP) tests after 90 days of im-
mersion. In order to know which phases were dissolved after the
corrosion process and to keep the piece in the same medium for 90
days, inductive coupling plasma with optical emission spectro-
photometer (ICP-OES) was performed in a Perkin Elmer Optima
2000DV. The samples were measured directly, undiluted. The ICP
equipment was calibrated with the following standards: 0, 0.01,
0.05, 0.1, 0.5, 1, and 10 ppm.

The antibacterial activity of the coatings was assed following the
KirbyeBauer disk-diffusion method [58] against Staphylococcus
aureus (ATCC 25923) as bacterial model. Petri dishes containing
MuellereHinton medium were covered with a suspension of bac-
teria (104 CFU/mL) using a sterile hyssop and the Ti substrates with
the PPy-based coatings were placed on top of the seeded medium.
Samples were incubated at 37 �C for 24 h in aerobic conditions.
Inhibition halos were measured using ImageJ software. For
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statistical analysis, at least three measurements were performed
for the different discs, and the results are expressed as the mean
value and standard deviation. The statistical test used was a two-
way ANOVA and Tukey's post-test (SPSS v. 22.0 for Windows, IBM
Corp., Ar-monk, NY, USA). All determinations were analyzed in
triplicate; p < 0.05 was considered statistical difference.
3. Results and discussion

3.1. Characterization of the porous Ti substrates

In previous works, we have explored the preparation conditions
using different SH with different particle size and volume fraction
to originate porous Ti implants with an appropriate balance be-
tween porosity that favors osseointegration and the resulting
biomechanical properties, more details can be found in
Refs. [2,59,60]. The purpose of the present work is to explore the
protection effects against corrosion of conductive PPy coatings
prepared by electropolymerization directly on the porous Ti sub-
strates. In this sense, to explore both the possibility to prepare
highly conformal coatings that could penetrate in the pores of such
porous substrates, and the effectiveness of its corrosion resistance
enhancement for the different degrees of porosity, we have
deposited the polymeric coatings on substrates prepared with
different degrees of porosity checking if there is a critical porosity
limiting the protection of these coatings.

In the context of corrosion protection, the adhesion of the pro-
tective coatings to the metallic substrates is critical. Recent works
show the improved adhesion of electropolymerized PPy to porous
substrates [25,26].

Following these late works, a highly porous surface of Ti sub-
strates would favor the adhesion of the conductive PPy coatings.
Fig. 1 shows a comparison by SEM microscopy, between a Ti sub-
strate prepared by PM (Fig. 1a) and a representative highly porous
Ti substrate prepared with 50 vol.% of SH (Fig. 1b). All SH substrates
presented similar pore size and morphology determined by the
selected spacer corroborating the reproducibility of our previously
reported results [33e35](check Table S1 for more information).
Apart from small pores (around 10 mm) inherent to the typical PM
procedure (as those in the PM substrate of Fig. 1a), the porous
50 vol.% substrate (Fig. 1b) presents large pores >200 mm that will
allow the infiltration of the biopolymer. On the SEM images of the
porous Ti substrate, the rough surface of the pores can be appre-
ciated. Two levels of roughness are observed as shown in the im-
ages with different magnification (Fig. 1 b2 and b3). Also, the flat
surface between the pores presents a certain roughness as it can be
appreciated (Fig. 1 b1).

The percentage, size, and roughness of the walls of the macro-
pores obtained in this work using the spacer technique allow to
potentially guarantee the biomechanical balance (stiffness and
yield strength) and biofunction (bone in-growth adhesion and
proliferation of osteoblasts [1,2,61e63]), which requires the bone
tissues that are intended to be replaced [64e66] and at the same



Fig. 1. Scanning electron micrographs of the Ti substrates (a) powder metallurgy substrate (0 vol.%), (b) porous 50 vol.% substrate. (b1) Detail of the flat surface between pores, (b2)
detail of the inner pore surface, (b3) higher magnification of the pore surface.
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time have an adequate size for the polymer infiltration and a sur-
face roughness (inner and out of the pores) that would favor its
adhesion to the metallic Ti substrates [67].

However, the irregular shape of these pores could also be not
only a preferential site for the anchoring and proliferation of bac-
teria but also could determine the susceptibility of the implant
material to localized corrosionwhen exposed to body fluids. Hence,
the use of a biocompatible coating, with bactericidal activity, such
as PPy could improve the implant success.

3.2. Electrodeposition and characterization of the polypyrrole
coatings

The direct electropolymerization of the PPy and PPy-AgNps
coatings on the porous metallic Ti substrates was successfully
Fig. 2. Chronoamperograms at 0.9 V on the Ti subs
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achieved, resulting in the formation of polymer coatings in all
substrates. Fig. 2 shows the evolution of current density over time
during electropolymerization of the PPy and PPy-AgNPs films using
chronoamperometry. The curves in Fig. 2a present three typical
features corresponding to the electropolymerization process: after
a first period where the current density is low, due to the fact that
the Ti surface is oxidized and diffusion controls the monomer
oxidation; follows a second step where the current density in-
creases rapidly with time corresponding to the nucleation and
growth of the polymer on the Ti substrates [68]. Third, the current
intensity reaches a plateau related to a progressive and continuous
growth of the polymer coating thickness over time [14,69,70].

In this process, a clear beneficial influence of the substrate
porosity can be observed, PPy electrodeposition over the denser
forged and PM substrates present the lowest current density. This
trates (a) polypyrrole (PPy) and (b) PPy-AgNPs.
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implies that these substrates are exposed to lower current densities
that can affect the adhesion of the polymer coatings and its growth.

In the case of the porous samples, differences are observed be-
tween the different degrees of porosity. The electrodeposition of
PPy over the substrates prepared with 30% and 40% of SH presents
higher current density, while for highly porous substrates, the
electropolymerization current decreases, most probably due an
increase of the effective area to be covered under the same depo-
sition conditions. The increase of porosity for up to 60%vol. will also
result in different surface morphology and chemical conditions
(higher surface oxidation). This will strongly affect the quality and
properties of the conductive polymeric coatings as it will be dis-
cussed in more detail in the next sections.

For the electrodeposition of the PPy-AgNPs composite coatings,
a similar behavior to the previously described for PPy coatings was
observed. The curves in Fig. 2b present similar stepped shape and
the electrodeposition current densities increase with the increase
of porosity up to 40 vol.%, decreasing for the highly porous sub-
strates (50% and 60 vol.%). Comparing the current densities for both
type of PPy-based coatings (PPy and PPy-AgNPs composite coat-
ings), lower electrodeposition currents are achieved when silver
NPs are added, showing that the Ag NPs are modifying the elec-
tropolymerization process, a discussion on the effects of the addi-
tion of nanomaterials into PPy matrix can be found in Ref. [29].

Fig. 3 presents the ATR-FTIR spectra of the coated Ti substrates
(a) with PPy and (b)PPy/AgNPs composite coatings. In both spectra,
features of PPy and DBSA can be observed [71,72]: a broad peak at
3400 cm�1 that can be associated to stretching modes of CeN from
PPy, bands at 2959 cm�1, and 2930 cm�1 corresponding to
stretching of CeH either fromDBSA or from the polymer and a peak
at 2853 cm�1 corresponding to the aromatic CeH stretching vi-
brations. Characteristic peaks of PPy can be observed at 1590 cm�1,
1558 cm�1, and 1454 cm�1 associated to the fundamental vibra-
tions of C]C and CeC of the protonated pyrrole ring. The wide and
low-intensity band at 1289 cm�1 corresponds to in-plane vibration
of C]CeN. The peaks at 1165 cm�1 and 1123 cm�1 correspond to
vibrations of CeN and CeH in-plane aromatic stretching vibrations
from the polymer and the dopant. At 1031 cm�1, an intense band is
observed attributed to bending modes of aromatic CeH, and a less
intense band can be observed at 1006 cm�1 corresponding to S]O
from the dopant. At 667 cm�1, another band can be attributed both
Fig. 3. ATR-FTIR spectra of PPy and PPy-AgNPs composite coatings.
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to the rocking vibration of CeH from the polymer and to the group
SO4. Peaks at 908 cm�1 and 797 cm�1 are attributed to the ring
deformation and to the oscillation of the CeH vibrations,
respectively.

As previously reported [73,74] PPy and PPy-Ag composite
spectra are very similar; however, a certain displacement of peaks
to lower wavenumber as well as differences in the relative in-
tensities of peaks on the region from 1600 cm�1 to 1000 cm�1 that
could be due to the compound interaction between the PPy and the
silver nanoparticles [75].

The microstructure of these coatings was investigated by X-ray
diffraction measured in BraggeBrentano configuration in 2q angles
between 5 and 70�. Fig. 4 shows representative diffraction pattern
of the coatings. The diffraction corresponding to the coated Ti
substrate presents very intense peaks of Ti alfa (main peaks iden-
tified at 35.2, 38.4, 40.2, 53.0, 63.0, 70.5, 74.4, 76.3, 77.4, and 86.5�)
and also a wide shoulder at small 2q angles. To isolate the peaks
from the thinner coatings from and those of the thick substrates
and better appreciate the diffraction pattern of the PPy and PPy-
AgNPs coatings, those were removed (pealed) from the denser
substrates (forged Ti and conventional PM Ti substrates) and the
self-supported coatings were measured. The XRD measurements
revealed the amorphous structure of the PPy coatings as shown in
Fig. 4 corresponding to a wide shoulder. In the case of the com-
posite PPy-AgNPs coatings, peaks at 2q angles of 38.1, 44.3, and
64.6� are observed and correspond to crystalline silver NPs [76].

SEM micrographs, Fig. 5, revealed the morphology of the coat-
ings, a typical PPy cauliflower-like morphology composed by small
and compact grains is observed for all PPy films (Fig. 5a) [77]. No
differences in morphology were observed in terms of the sub-
strate's porosities.

The composite coatings (Fig. 5 b to d) present a similar rough
morphology decorated with the silver NPs, the arrows in Fig. 5
mark as an example some of the NPs clusters either in the cross
section image of Fig. 5b) or on the surface of the composite that can
be better appreciated in the backscattered electron image of Fig. 5c.
Higher magnification micrographs in Fig. 5c allow to observe in
more detail the presence of the nanoparticles forming small clus-
ters with average, corresponding to association of some nano-
particles according to the UV data of particle size.

SEM cross-sectional images, as in Fig. 5b), were used to measure
the thickness of the PPy and PPy-AgNPs composite coatings. An
average value from 10 mm to 16 mm was obtained for all coatings,
showing similar electropolymerization and film formation for all
PPy coatings on the porous substrates. Also, the homogeneous
distribution of the Ag NPs all over the thickness of the coating can
be observed.

The topography of the PPy coatings was investigated by AFM for
coatings deposited over forging and 30 vol % porous substrates
(Fig. 6). In both cases, a uniform, granular structure with different
grain size is observed. No significant differences are appreciated
between both surfaces, indicating that the pores of the porous
30 vol.% substrate are completely covered by the polymeric coating.
The AFM-3D scans show the granular structure consistent with the
cauliflower morphology observed by the SEM. A higher surface
roughness coating is however observed for those deposited on the
porous substrates, Sa ¼ 53.35, while for the fully dense forged Ti
substrate, the Sa value is much lower, 31.7. As discussed previously,
a higher roughness coating could contribute to improve the
biocompatibility of the implants.

In the case of the PPy-AgNPs coatings, similar topographic fea-
tures were observed as expected from the SEM micrographs. These
results confirm that the silver NPs are not only on the coatings’
surface but well dispersed in all the coating thickness, as previously
reported for moderate amounts of AgNPs in PPy [78]. Also, in the



Fig. 4. X-ray diffractograms of polypyrrole (PPy) and PPy-AgNPs coatings: (a) over forged Ti substrate and (b) on self-supported form.

Fig. 5. Scanning electron micrographs showing the cauliflower morphology of polypyrrole (PPy) coating: (a) secondary electrons, PPy/AgNps composite: secondary electrons (b)
cross-sectional view showing thickness of the coating (c) surface morphology and (d) backscattered electron image of the coating surface. The arrows point silver NPs clusters.
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PPy-AgNPs coatings, a higher roughness is observed for the coat-
ings prepared on the porous substrates, Sa ¼ 77.30 for 30 vol.%
while for forged substrates Sa ¼ 39.54. These values are higher
compared to the PPy coatings. However, the results point that the
nanoparticles are disperse in the coating thickness.

A crucial parameter for the use of the coated supports as im-
plants is the adhesion of the coatings to the substrates. The adhe-
sion of the PPy films was evaluated following the ASTM D4541-02
standard procedure by measuring the minimum pull-off strength
to detach the coating in a direction perpendicular to the substrate.
The test determines the greatest perpendicular force (in tension)
7

that a surface area can bear before a plug of material is detached.
Table 2 displays the adhesion strength values obtained for the
different coatings deposited on the different substrates. PPy coat-
ings present an adhesion strength in of about 1 MPa in average,
presenting the lowest adhesion strength 0.85 MPa for the PPy
coatings deposited on fully dense substrates, and the highest values
of 1.3 MPa for the coatings deposited on 30 vol.% and 40%vol.
substrates. The adhesion strength of the composite PPy-AgNPs
coatings is higher than that of the PPy coatings. The inclusion of
Ag NPs forming the composite increases the adhesion of the coat-
ings to the porous substrates to 1.7 MPa. The results in Table 2 point



Fig. 6. Atomic force microscopy, 2D maps, line scans, and 3D images of polypyrrole (PPy) and PPy-AgNPs over forging, and 30 vol.% substrates.

Table 2
Adhesion strength, Vickers microhardness, and conductivity of the PPy and PPy-AgNPs coatings over the different substrates.

Sample Coating s adhesion (MPa)] Hardness (HV) Conductivity
10�4 (S cm�1)

Forging PPy 0.8 ± 0.1 360 ± 4 1.4 ± 0.1
PPy-AgNPs 1.0 ± 0.1 365 ± 5 12.0 ± 0.7

PM PPy 1.0 ± 0.1 349 ± 4 1.4 ± 0.1
PPy-AgNPs 1.2 ± 0.1 355 ± 3 11.7 ± 0.9

SH 30 vol.% PPy 1.3 ± 0.1 342 ± 5 1.4 ± 0.1
PPy-AgNPs 1.7 ± 0.1 335 ± 5 12.1 ± 0.8

40 vol.% PPy 1.3 ± 0.1 328 ± 3 1.4 ± 0.1
PPy-AgNPs 1.7 ± 0.13 317 ± 4 12.5 ± 0.9

50 vol.% PPy 1.2 ± 0.1 310 ± 3 1.5 ± 0.1
PPy-AgNPs 1.6 ± 0.1 308 ± 3 11.9 ± 0.7

60 vol.% PPy 1.2 ± 0.1 300 ± 3 1.4 ± 0.1
PPy-AgNPs 1.5 ± 0.1 304 ± 4 12.2 ± 0.8
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out two main features, by one hand better adhesion of the poly-
meric coatings to porous substrates and by the other hand the
formation of the composite coatings by the introduction of AgNPs
favors the adhesion of the coatings to the substrates. The results
allow us to conclude that by electropolymerization, using the
‘trapping method’, it is possible to form the nanocomposite coat-
ings, giving raise to completely covered substrates with a high
surface/volume ratio. These materials could also find application in
other fields as sensoring.

Microhardness tests were performed to evaluate themechanical
properties of the coated substrates as a way to provide information
on the resistance to load bearing under stress condition. The values
in Table 2 correspond to the average values over ten measures. As
expected, an increase in the porosity of the substrates has a strong
effect on the hardness of the coated substrates [17]. However,
coated substrates present higher hardness values compared to bare
substrates. The hardness of forged bare Ti substrate is of 284.3 ± 3.7
HV that increases to 360.3 ± 3.8 HVwhen it is coated by PPy. Coated
highly porous 60 vol % Ti substrate presents a hardness 300.4 ± 3.7
HV that is higher than the value presented by the dense cold rolled
forged Ti. The increase of hardness by coating with polymeric
coatings was previously observed for the case of fully dense Ti
coated with chitosan and also reported for stainless-steel sub-
strates coated with PPy [79].

As reported in Table 2 at high loads, no significant differences in
hardness were appreciated for the coated substrates between PPy
and PPy-AgNPs composite coatings. Nevertheless, microhardness
measurements at very low loads of 0.05 Kg, to minimize the effect
of the substrate, could indicate a previously reported trend of
hardness increase due to the introduction of NPs [26,79]:
195 ± 21MPa for the PPy coating and 251 ± 39MPa para PPy-AgNPs
for the coating deposited on 30 vol.% substrate. This increase in
hardness is associated with a higher density of the coating due to
the introduction of a more compact material to the porous PPy and
also to a higher roughness presented by the composite coatings.

The hardness values presented by the coated substrates are
howeversimilar toprevious reported [80] andare in thedesiredrange
(250HV-750HV) for biomedical applications in corrosive media.

Table 2 displays also the measured electrical conductivity of the
coatings over the Ti substrates. An increase of PPy coating con-
ductivity is associated with an increase of the corrosion protection
provided [81]. Several works [82,83] prove that the increase in
electrical conductivity can influence the corrosion resistance, to a
higher conductivity corresponds a more compact structure which
provides a higher corrosion resistance. First, the conductivity of the
substrates was evaluated under the same measuring conditions to
compare with the substrates. Very low values of 0.57 ± 0.1 Scm�1

for forging, 0.58 ± 0.1 Scm�1 for PM and 0.60 ± 0.1 Scm�1 for
30 vol.% substrates were obtained. In the case of the highly porous
Ti substrates, the values were below the sensitivity of the instru-
ment; nevertheless, it should be expected lower values as the
density of the substrates is reduced. The PPy conductivity values
obtained are in good agreement with published results for coatings
[84]. PPy is a semiconductor polymer and its conductivity can be
changed by the addiction of dopants; in this work, we used DBSA as
dopant that allows for a higher conductivity of PPy [85,86]. As ex-
pected, no significant differences were observed among the coat-
ings deposited on the different substrates. The introduction of silver
strongly affects the conductivity of the coatings [87], modifying the
electronic structure of PPy by displacing the bang [88]. The results
show an important increase, one order of magnitude of the elec-
trical conductivity for the composite coatings, with similar results
independently of the substrate porosity. According to Sultan et al.
[89] silver NPs facilitate a conduction path with low-contact
resistance for ‘interchain charge transfer’.
9

3.3. Corrosion behavior

One of the main aims of this work is to determine the effect of
PPy and PPy-AgNPs coatings on the corrosion behavior of the Ti
substrates as a function of its porosity degree. For that purpose,
open circuit potential and AP tests were performed.

The evolution of open circuit potential (OCP) with time allows to
characterize the degree of protection that the coatings provide. All
coatings were tested in PBS for 3600s comparing the results of
coated and bare substrates under the same conditions. Represen-
tative results are presented in Fig. 7 for fully dense and 50%vol.
substrates. The bare substrates’ potential increases over the first
periods of the test until it reaches a stable value; this is most
probably due to the formation of a stable passive film on the surface
of the titanium substrates. When this substrate is coated with PPy
and PPy-AgNPs polymeric coatings, there is a decrease of the OCP
potentials at the beginning of the tests until it reaches an equilib-
rium potential that is stable up to the end of the test. Similar
behavior has been previously described for dense titanium sub-
strates covered with PPy-based coatings [70].

Fig. 8 resumes the displacement of the OCP potentials (values
taken at the end of the OCP) to more positive values for all sub-
strates, independently of its porosity degree, when the different
protective coatings are applied. In all cases, coated samples present
more positive potentials compared to the bare substrates, which
suggests an anodic protection is provided by the coatings. This ef-
fect is more significant in the case of the porous titanium sub-
strates, an effective passivation of the metallic substrate either by
the formation of an oxide protective layer between the polymeric
coating and the Ti substrate or by the diffusion of ions trough the
porous polymeric coating [90,91]. Nevertheless, the end potential is
dependent on the substrate structure, more negative potentials
were found for the samples prepared with higher fraction of SH
(50 vol.% y 60 vol.%) with and without protective polymeric PPy-
based coating. It is also clear from Figs. 7 and 8, from a thermo-
dynamic point of view, that protective role of PPy-AgNPs coatings is
more effective compared to PPy coating.

The displacement to more positive potential provided by the
PPy-based coatings was previously reported for other materials as
carbon steel [13], stainless steels [25], magnesium [92], titanium
[93], and so on. Different mechanisms were proposed to explain
this behavior; the most accepted is based on the anodic protection,
the polymer acts both as electron transfer medium and as catalyst
to the oxygen reduction reaction [94,95]. Other hypothesis is based
on the inhibitor effect of the anions released during the polymeric
reduction reaction [96,97]. The displacement to more noble po-
tentials when Ag NPs are incorporated to the coating is explained
by the enhancement in the electronic transfer due to Ag NPs [50].
Fig. 9 presents a scheme on the proposed anodic protection
mechanism, based on reference [12]. The scheme represents the
formation of the metal oxide layer that is protecting all surfaces in
contact with the electrolyte, including the inner part of accessible
pores.

The electrochemical corrosion behavior of coated and uncoated
substrates was evaluated using potentiodynamic polarization
technique. Fig. 10 shows the representative results for bare and
coated forging and porous 30 vol.% Ti substrates (the rest of the
samples presented similar curves). In the case of the bare sub-
strates, a wide dissolution zone is observed until a very stable
passive titanium oxide layer is formed. In the case of PPy-coated
samples, the polarization curves change shape, as expected, since
in this case, different phenomena are present: by one hand, the
anodic dissolution of the material and also the redox processes
taking place at the polymer. Considering that these redox processes
are similar in all samples, the potentiodynamic tests can be used in



Fig. 7. Open circuit potential evolution of the different coatings over fully dense and 50 vol.% substrates compared to the bare forging substrates.

Fig. 8. Comparison of open circuit potential values for the different substrates as
function of its porosity and protective polypyrrole-based coatings.

Fig. 9. Anodic protection mechanism, based on reference [12].
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a qualitative way to compare the effects of the porosity of the
substrates and the addition the silver nanoparticles to the poly-
meric coating. For coated samples, a lower current density is
observed during the major part of the anodic branch; however, the
passivation is less stable, and an increase in current at potentials
10
around 0.9 V is observed. In any case, for the aimed applications,
this passivation behavior is enough taking into consideration the
redox conditions in the human body [98]. In the case of the com-
posite PPy-AgNPs coatings, a strong displacement to more noble
potentials and lower current densities is observed indicating a
better passive behavior.

Tafel analysis was used to obtain the corrosion parameters such
as Ecorr (corrosion potential), Icorr (current density), and Rp (polar-
ization resistance) values were calculated by the SterneGeary
equation, and the results are presented in Table 3. (All tests were
repeated three times for each condition and no significant differ-
ences between results were observed. The coefficients of variation
between these tests are less than 5% for the different methods
used.)

To mention the high displacement of the Ecorr values when the
protective composite PPy-AgNPs coatings cover the Ti substrates,
these results are in accordance with the OCP results. However, the
calculated values of the corrosion potentials are smaller than those
corresponding to OCP; the variation is probably due to depassiva-
tion phenomenon of the surface during cathodic scanning [99].
Nevertheless, the effect of substrate porosity is similar in both pa-
rameters. The highest current density values are achieved for the
PM substrates (0 vol.%). It would be expected that as a consequence
of a higher surface exposed to the test media, the porous samples
should present higher current density values (note that the current
density is referred to the geometrical section of the substrate and
does not consider the real surface exposed to the electrolyte). This
is so in the case of the porous substrates for the increasing porosity,
but in the case of the PM substrates, the effect of porosity is more
complex. The high values of Icorr may be related with a higher
percentage of closed pores, originating a higher susceptibility to
localized corrosion. The polarization resistance increases when the
PPy protective coatings are deposited on the different substrates,
being more significant in the case of the PM substrate that presents
a very low Rp values without coating. The incorporation of the Ag
NPS to the PPy coatings results in a decrease of the current density
and increases the polarization resistance for all types of substrates
and porosity. Nevertheless, it is worth tomention that the Rp values
are in the order of 106 U/cm2 for PM (0 vol.%), 30 vol.%, and 40 vol.%
substrates, which indicates a high resistance to corrosion [100].
Only in the case of the highly porous substrates, lower Rp values are
observed. The composite coatings showed higher Rp values and
therefore present higher corrosion resistance compared to the PPy
coatings. This increase in the polarization resistance is most



Fig. 10. Potentiodynamic polarization curves in PBS solution of coated and bare: (a) forged, (b) 30 vol.% titanium substrates.

Table 3
Corrosion potential and current density of titanium substrates with and without coatings.

Samples Coating Ecorr (mV) Icorr (mA/cm2) Rp (MU/cm2) PE (%)

Forging bare �134 ± 11 0.24 ± 0.02 0.28 ± 0.02 e

PPy �137 ± 10 0.09 ± 0.01 0.30 ± 0.03 6.7
PPy/AgNPs 60 ± 4 0.02 ± 0.01 1.47 ± 0.16 81.6

PM bare �168 ± 9 1.32 ± 0.11 0.10 ± 0.01 e

PPy �172 ± 12 0.94 ± 0.06 0.51 ± 0.05 80.4
PPy/AgNPs 73 ± 6 0.12 ± 0.01 2.07 ± 0.27 75.4

SH 30% vol. bare �275 ± 12 0.27 ± 0.02 0.17 ± 0.02 e

PPy �223 ± 10 0.04 ± 0.01 0.19 ± 0.02 10.5
PPy/AgNPs 64 ± 6 0.03 ± 0.01 0.65 ± 0.05 73.8

40% vol. bare �253 ± 10 0.71 ± 0.05 0.07 ± 0.01 e

PPy �122 ± 9 0.09 ± 0.01 0.25 ± 0.02 72.0
PPy/AgNPs 48 ± 4 0.06 ± 0.01 0.64 ± 0.06 89.0

50% vol. bare �232 ± 11 0.78 ± 0.08 0.07 ± 0.01 e

PPy �129 ± 5 0.41 ± 0.05 0.08 ± 0.01 12.5
PPy/AgNPs 120 ± 8 0.45 ± 0.04 0.08 ± 0.01 12.5

60% vol. bare �255 ± 12 0.85 ± 0.08 0.05 ± 0.01 e

PPy �127 ± 6 0.66 ± 0.07 0.06 ± 0.01 16.7
PPy/AgNPs 59 ± 4 0.45 ± 0.04 0.07 ± 0.01 28.6
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probably due to the formation of an effective barrier against the
diffusion of the aggressive ions from the electrolyte, increasing the
protection of titanium to the attack of the medium anions. The
protection efficiency of the coatings was calculated from equation:

PE (%) ¼ [Rp(coating)-Rp(Ti)] � 100/Rp(coating) (1)

where PE is the protection efficiency of the coatings, Rp (Ti) is
the polarization resistance of the Ti substrates, and Rp (coating) is
the polarization resistance of the coated substrates. The protection
efficiency increases with the application of the PPy and PPy-AgNPs
coatings to all substrates, except in the case of the substrates with
the highest volume fraction. This suggests that in the case of these
substrates, the formed coatings are not completely continuous or
adherent to the substrate decrease its protection.

To understand the effect of the PPy coating, one should take into
consideration that during the test, two simultaneous effects are
observed: the redox behavior of the polymer and the corrosion
resistance [101e103], this explains the changes in the morphology
of the AP curves. Other works report the beneficial effect of PPy
coatings on the corrosion resistance of different substrates as
function of (a) barrier effect [104]; (b) its conductivity (the presence
of conjugated double-bonds promotes the electronic transfer that
11
promotes the oxidation of the substrate and its anodic protection)
[105]; (c) its effect as catalyst on the oxygen reduction [94,95] and
(d) the presence of surfactants as DBSA that can be released and act
as inhibitor [25]. Nevertheless, the low effect of PPy on the corro-
sion resistance of the highly porous substrates reported in this
work was also previously observed by other authors on different
nonporous metallic substrates [80,92,93] and is explained by one
hand by the poor adhesion of PPy to these substrates and on the
other hand by the porous nature of PPy that allows for the diffusion
of aggressive ions from the electrolyte (chloride ions with small size
diffuse easily) that arrive to the interface metal-polymer and could
result in galvanic corrosion [106]. Recent studies [107] have also
demonstrated that the release of big ions as in the case of DBSA is
difficult, so the inhibitor effect is reduced; the movement and the
absorption of cations is an easier process that hinders the passiv-
ation of the metal substrate.

The higher resistance of the PPy-AgNPs composite coating is
explained based on the fact that it is a more compact coating,
presenting higher conductivity and also better mechanical prop-
erties. Several works have demonstrated the effects of depositing
silver on PPy both on the corrosion resistance and antibacterial
properties of NiTi substrates [93], magnesium [92] and carbon
steels [13,24]. The improvement on the corrosion resistance is
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associated with filling the pores of the PPy and with the increase of
conductivity. The electrical conductivity has a strong effect on the
corrosion properties of polymers [82,83], a more open structure
gives raise to lower conductivity values promoting less protection
against corrosion. In our work, the silver is introduced not as a layer
on top of the coating, but as NPs that are dispersed inside the
coating and that were incorporated during the electro-
polymerization process. Regarding the conjugated polymers of PPy
and AgNPs, Chang et al. [108] concluded that these composites have
unique physicochemical properties with several potential applica-
tions (microelectronics, sensors, energy devices) due to the fact
that PPy allows to retain the morphology and colloidal stability of
the nanoparticles and at the same time avoids the corrosion of
silver. The displacement of the OCP and the Ecorr to more noble
values, together with the decrease of current density observed,
shows that the higher conductivity of the PPy-AgNPs coating has a
positive effect on the anticorrosion behavior for both dense and
porous materials. This positive effect is explained taking into
consideration that corrosion involves two processes, on one hand
the electronic transfer at the interface metal-electrolyte and on the
other hand the diffusion of aggressive ions and corrosion products
close to the electrode. The higher conductivity of the composite
coatings, due to the presence of the Ag NPs, improves the electronic
transfer and allows to form a more stable passivation layer thanks
to the anodic protection. On the other hand, the more compact and
rough coating will decrease the current that controls the mass
transfer. Additionally, it has been demonstrated that the silver NPS
improve the corrosion resistance due to its inhibitor effect [109].

Moreover, we compared the anodic behavior of the PPy com-
posite coatings with our previous work with Chitosan-silver com-
posites [6]. Fig. 11 presents for forged and 30 vol.% substrates the
comparative results of bare versus coated substrates showing the
effect of polymeric coatings and the one of the nanocomposites.

As it can be observed, although the morphology of the curves is
different, and characteristic of each polymer, both coatings have a
positive effect on the corrosion resistance. Similarly, to what pre-
viously discussed for PPy-AgNPs composite coatings, when Ag-NPs
are added to Chitosan, an important displacement to more noble
potentials is observed both on forged (�230 mV for CS
and �112 mV CS-AgNPs coatings respectively) and 30%vol. Sub-
strates (�172 mV for CS and �112 CS-AgNPs coating) together with
a reduction of the corrosion current density (on forged substrates
from 0.013 mA/cm2 for CS coating to 0.008 mA/cm2 for CS-AgNPs
Fig. 11. Effect of the polymeric and composite coatings developed in the present work com
30 vol.% titanium substrates.
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composite coating, on 30%vol. Substrate from 0.018mA/cm2 for CS
coating to 0.009mA/cm2 for CS-AgNPs coating) [6].

Nevertheless, important differences can be pointed out between
both composite coatings. From the thermodynamic point of view,
the PPy-AgNPs composite gives origin to a displacement to more
noble potentials compared to the CS-AgNPs. While from a kinetic
point of view, the CS-AgNPs coating shows a significant improve-
ment on the corrosion current density with lower passivation
current and a more stable passivation layer. Although it is worth
mentioning that the main conception idea behind the present work
and reference 6 is different (in particular considering that chitosan
is a biodegradable polymer), there is a complementary corrosion
protection behavior of these two polymers and future work on
composite coatings combining both polymers and AgNPs is under
consideration.

3.4. Immersion tests

The Ti substrates covered with PPy-AgNPs and with improved
corrosion resistance were then submitted to immersion tests over
90 days on PBS solution to determine its ability to form a HA layer
on its surface. The formation of the HA layer on the implant surface
is a requirement for osseointegration between the living bone tis-
sue and the implant.

After the test, all samples presented a white HA layer of
considerable thickness, in the form of scales. The SEM-EDX analysis
(Fig. 12 a and b) indicated the presence of Ca and P the semi-
quantitative analysis indicates that these elements are present with
a ratio Ca/P of 1.62, typical of HA formation. This was confirmed by
XRD. Fig. 11 c shows the diffraction pattern of the sample after the
immersion test. Apart from the Ti peaks, the main peaks corre-
sponding to HA were identified. These results show that the PBS
solution promotes the formation of HA over the PPy-AgNPs com-
posite coatings. The formation of the HA layer has been reported as
a way to predict the in vivo bone bioactivity of implants [110].
According to Kokubo and Tadama [110], the formed HA could assist
the formation of the bone and cellular activity. Also, Kumar et al.
[111] showed that this HA layer presents a higher osteoconductivity
exhibiting higher affinity to the living bone cells and allowing that
more osteoblast cells form a new bone tissue.

Polymeric PPy coatings are susceptible of swelling and lixivia-
tion when immersed in aggressive media; this would lead to an
important decrease of the coating's corrosion resistance. To
pared to reference [6] on the potentiodynamic polarization curves for: a) forged, b)



Fig. 12. a) Arrows mark the scales form of hydroxyapatite (HA) layer formed after immersion tests of 90 days in PBS, (b) detail micrograph of HA and respective energy-dispersive X-
ray analysis, (c) X-ray diffraction of the sample after 90 days immersion test.
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evaluate these possible effects on our coatings, AP tests were per-
formed on the substrates coated with PPy and PPy-AgNPs, after the
90 days' immersion tests in simulated body fluid. Fig. 13 presents
the AP curves for coated 30%vol. substrates before and after im-
mersion tests. For both type of coatings, after immersion period, the
polarization curves are displaced to more noble potentials, and an
important decrease in the current density was observed, indicating
that both coatings maintain its protective character after 90 days'
immersion in PBS. This behavior agrees with previous results in
Fig. 13. Anodic polarization curves of coated 30%vol. Ti substrates before and after
immersion tests.
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literature [112,113] inwhich it is confirmed that apart from a certain
tendency to becamemore porous with immersion time, that would
allow the PBS dissolution to further soak the PPy, it also maintains
the protection against corrosion.

EIS measurements were performed to further investigate the
long-term corrosion behavior of coated samples. The tests were
performed on the coated samples before and after 90 days’ im-
mersion tests in simulated body fluid. The impedance data are
presented as Nyquist and Bode plots (impedance modulus versus
frequency and phase angle versus frequency) in Fig. 14 correspond
to the coated 30%vol. substrates. These results are in good corre-
lation to the previously presented, and the nanocomposite coatings
show a higher resistance to electronic transfer and a higher
impedance modulus, in particular in low frequencies when
compared to the PPy-coated samples in both situations, before and
after the immersion test.

Regarding the long-term corrosion resistance, the samples
coated with PPy present a slight increase in impedance modulus as
well as in electronic transfer resistance, indicating a slight increase
in the corrosion resistance. In the case of the samples coated with
the nanocomposite PPy-AgNPs, its initial good corrosion behavior is
maintained after 90 days’ immersion test.

ICP tests were also performed to the PBS solution after the 90
days of immersion to evaluate possible dissolution of the metallic
titanium, and the obtained results are below 0.1 mg/L, indicating no
significant dissolution of the metal.
3.5. Antibacterial activity tests

The antibacterial activity of the coatings was evaluated by the
KirbyeBauer disk diffusion method against Staphylococcus aureus
(ATCC 25923) as bacterial model. The 30 vol.% coated substrates
were used in this test and evaluated against a bare 30 vol.% sub-
strate, used as control, Fig. 15 shows the measurement criteria and



Fig. 14. EIS: (a) Nyquist and (b) and (c) Bode plots o of coated 30%vol. Ti substrates before and after immersion tests.

Fig. 15. Inhibition tests results of bare 30 vol.% bare and coated substrates including measurement criteria. Significant differences stand for: * (p � 0.05), **(p � 0.01), and ***
(p � 0.05).
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the obtained results. An inhibition halo of 5.5 ± 0.4 mm was
measured for the substrate while PPy and PPy-AgNPs coatings
presented a higher halo of 8.2 ± 0.3 and 12.5 ± 0.7mm, respectively.
The antibacterial activity of silver nanoparticles itself is well known
[24,109,114,115] as well as in the deposition of silver over PPy
[13,92,93].

The mechanism of antibacterial inhibition of PPy coatings has
beenwidely investigated [32] and has been explained based on the
electrostatic interactions between the positive charges of the
polymer and the negative charges from the cellular membrane of
Staphylococcus aureus bacteria. Regarding the bacterial inhibition of
silver, it has been demonstrated that silver ions bond with the cell
modifying its structure and permittivity at the same time that in-
hibits the protein synthesis and interacts with the nucleic acids
leading to cellular death [116,117]. In the case of nanoparticles, its
reduced size, electronegativity and high surface/volume ratio pro-
mote its permeability in cells and their interaction with enzymes
and proteins in the cells [118,119].

4. Conclusions

The present work reports the deposition and characterization of
PPy and PPy-AgNPs composite coatings as protective coatings on
porous Ti substrates produced by SH technique for small implant
14
applications. The SH prepared Ti materials provide porous sub-
strates with rough surfaces either inner or between pores that
improve the adhesion of the electropolymerized coatings. The lack
of adhesion of conductive polymers to metallic substrates is one of
major drawbacks for its use as protective coatings; the rough sur-
faces either inner or between pores that improve the adhesion of
the electropolymerized coatings. The PPy-Ag NPs composite coat-
ings were prepared just by adding metallic nanoparticles to the
electrolyte. The introduction of the Ag NPs improves the mechan-
ical performance and higher adhesion strength of the coatings to
the substrates and the conductivity of the coatings one order of
magnitude. The conductivity of the PPy and PPy-AgNPs has a strong
effect on the corrosion protection of these coatings. The OCP and
Ecorr are displaced to more noble values and a decrease of Icorr is
observed, in particular when AgNPs are added to the PPy matrix.
The higher conductivity of the composite coatings, due to the
presence of the Ag NPS, improves the electronic transfer and allows
to form a more stable passivation layer thanks to the anodic pro-
tection. Also, more compact coatings are formed in the case of the
composite. Immersion tests reveal the formation of a HA layer on
the coatings surface after 90 days in PBS. Corrosion tests performed
after 90 days in PBS in both PPy and PPy-AgNPs composite coatings
indicate that both maintain the protective character after 90 days
immersion in PBS.
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The coatings proved to have improved antibacterial and cellular
activity demonstrated by the presence of HA. This is an innovative
strategy that combines two well-known easy and economical
preparation techniques, a PM-based SH technique to provide
porous Ti substrates with improved biomechanical and bio-
functional properties, and electropolymerization to coat these
substrates with the PPy-based conductive polymers providing and
extra protection against corrosive media being at the same time
biocompatible with improved antibacterial activity.
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