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The electrosynthesis of polypyrrolefilms ontoNitinol from sodium salicylate solutions of different concentrations
is reported. The morphology and corrosion protection properties of the resulting coatings were examined and
they both depend on the sodium salicylate concentration. The immobilisation of silver species in PPy films con-
stituted by hollow rectangularmicrotubeswas studied as a function of the polymer oxidation degree. The highest
amount of silver was deposited when the coated electrode was prepolarised at−1.00 V (SCE) before silver de-
position, suggesting an increase in the amount of non-oxidised segments in the polymer. Finally, the antibacterial
activity of the coating against the Gram positive Staphylococcus aureus and Staphylococcus epidermidis bacteria
was evaluated. Both strains resulted sensitive to the modified coatings, obtaining a slightly better result against
S. aureus.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nitinol (NiTi) is an equiatomic Ni and Ti alloy which has been thor-
oughly studied for biomedical applications due to its shape-memory,
superelasticity and biocompatibility. The most important applications
are bone implants [1] and cardiovascular and urological stents [2,3].
Ni-containing alloys are known to be allergenic and carcinogenic [4]
as a consequence of the release of Ni2+ ions into the human body,
which is the most important concern when this type of materials are
used. If the implants are not protected in someway, the patientmay de-
velop restenosis after a few years [5].

Covering the surface of a biomaterial with a conducting polymer is a
widely investigated subject. Polypyrrole (PPy) is thought to be one of
themost suitable owing to its biocompatibility [6] and the good protec-
tion it provides to different substrates, including NiTi, when it is doped
with several anions and corrosion inhibitors [7–11]. In addition, PPy
can be prepared electrochemically in a very fast and simple way.

Conducting polymers and silver can be combined to form a compos-
ite [12]with an enhanced conductivity and awide range of potential ap-
plications in areas such as: antibacterial activity [13], electrocatalysis
[14] and sensors [15], among others. The ability of PPy to reduce silver
ions to metallic silver has been experimentally proved many times
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[16–18] and several assumptions about the silver deposition mecha-
nism have been made [19,20].

As was shown in a previous work, the electrosynthesis of hollow
rectangular microtubes of PPy can be performed in neutral or alkaline
solutions of salicylate (Sa) [21]. It was postulated that as a result of a
local pH decrease during polymerisation, salicylic acid crystallises on
the surface of the electrode and then the polymer is deposited on the ex-
ternal surface of these crystals [22]. Silver ions are known to form a
complex with salicylate through an interaction with the carboxylate
group [23,24]. It was also postulated that the presence of salicylate in
the PPy matrix increases the concentration of silver ions at the polymer
surface and thatmetallic silver can be deposited as a result of a redox re-
action between the non-oxidised segments of the polymer and the sil-
ver ions [18]. In the present work, the effects of different electrode
pretreatments will be analysed in an attempt to get a deeper insight
into the deposition process. This study will also bring information
about the optimum conditions for silver deposition.

Microorganisms that naturally live on human skin or on objects in
the environment can easily infect an implant or the place of its installa-
tion during surgical intervention in spite of taking great measures of
caution [25,26]. The use of antibiotics in the implants or oral administra-
tion before surgery does not provide sufficient protection; in fact, the
wrong antibiotic or low doses of relevant antibiotics can create resistant
strains of bacteria that are difficult to treat [27–29]. The doping of syn-
thetic materials with metal ions such as Ag+, Cu2+ and Zn2+ is appro-
priate because they exhibit antimicrobial activity at the site of the
implantation and they are not cytotoxic at low concentrations.
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Staphylococcus aureus and Staphylococcus epidermidis are the strains
most frequently isolated from nosocomial infections related to
orthopaedic implants and the prevalence of antibiotic-resistance in
implant-associated infections is an increasing concern [30,31].

The aim of this research work is to perform the electrosynthesis of
PPy films on NiTi from salicylate solutions. The effects of different treat-
ments applied to the modified electrodes on the corrosion protection
performance of the coatings and on the capacity of the films to incorpo-
rate, and afterwards to liberate, silver species are evaluated. Another ob-
jective is to test the antibacterial capacity of the samples against the
Gram positive bacteria S. aureus and S. epidermidis, considering that
these bacteria are the most common pathogens that cause infections
when NiTi alloy implants are employed.

2. Material and methods

2.1. Film preparation

2.1.1. Polypyrrole films
The working electrodes consist of NiTi rods (chemical composition

(wt.%): 55.8 Ni, 0.05 O, 0.02 C and Ti balance) embedded in a Teflon
holder, with an exposed area of 0.0962 cm2. Before each experiment,
the exposed surfaces were abraded with SiC papers down to 1200 grit
finish, then degreased with acetone and finally washed with triply dis-
tilled water. Following this pretreatment, the electrodes were immedi-
ately transferred to an electrochemical cell for synthesis of PPy. The
counter electrodewas a large Pt sheet and a saturated calomel electrode
(SCE) was used as a reference electrode. All the potential values in this
work are referred to SCE. A Metrohm cell of 20 cm3 was employed for
electrochemical experiments. PPy films were electrosynthesised on
bare NiTi alloy using solutions containing 0.25 M Py and different con-
centrations of sodium salicylate (NaSa): 0.1 and 0.5 M. Solutions were
purified with a saturated atmosphere of nitrogen gas at 25 °C. All
chemicals were reagent grade and solutions were prepared using triply
distilled water. Pyrrole (Py, Sigma-Aldrich) was freshly distilled under
reduced pressure before use. Electrosynthesis of PPy films on bare NiTi
electrodes was carried out using a potentiostatic technique. All the elec-
trochemical experiments were performed utilising a potentiostat–
galvanostat PAR Model 273A.

2.1.2. Silver deposition
The NiTi samples covered with PPy formed in a 0.50M salicylate so-

lution were prepolarised at different potentials. Afterwards, the deposi-
tion of silver was performed by immersing the coated electrodes in a
0.05 M of AgNO3 solution during a certain period of time under OCP in
dark conditions. Then, the estimation of silver content was carried out
by an anodic stripping voltammetry with a scan rate of 0.001 V s−1.

2.2. Film characterization

2.2.1. Evaluation of the corrosion performance
The corrosion performance of the coatings before and after silver de-

position was evaluated. Open circuit potential (OCP) variation with
time, linear polarisation and potentiostatic measurements were con-
ducted in 0.15 M of NaCl solution, which is frequently used to simulate
the biological environment. All experiments were performed utilising a
potentiostat–galvanostat PAR Model 273A.

2.2.2. SEM and EDX microscopy measurements
A scanning electronmicroscopy (SEM), JEOL 35 CF and X-ray energy

dispersive system (EDX), EDAXDX-4, were used to examine the charac-
teristics of the electrode surface.

2.2.3. Metal concentration in chloride solution
Ni and Ti released concentrations in chloride solution from bare NiTi

and PPy-coated NiTi samples were determined using inductively
coupled plasma atomic emission spectrometry (ICP-AES) Shimadzu-
ICPE 9000.

2.2.4. Adhesion of the films
The electrosynthesis of PPy for these measurements was performed

with the procedure described in Section 2.1.1, but in this case a NiTi
sheet of 1 cm2 area was employed. The adhesion of the coatings to the
NiTi surface was tested using a Scotch Magic™ double coated Tape
810 (3 M) and a Mecmesin basic force gauge (BFG 50N). The NiTi/PPy
sample was fixed on a plane surface, with the coated surface facing
up. One side of the double coated tape was adhered to an accessory of
the dynamometer apparatus, which consisted of an arm ended in a
steel circular plate. The plate was pressed downwards until the double
coated tape made contact with the NiTi/PPy surface. Then, it was re-
moved slowly in the opposite direction and the necessary force to
peel-off the film was registered in the dynamometer.

2.2.5. Antibacterial properties
The antimicrobial activity of the samples was investigated and com-

pared against a reference strain of S. aureus (ATCC 25923) and a clinical
specimen of S. epidermidis. The inoculums of bothmicroorganismswere
prepared from fresh overnight broth cultures (Tripton soy broth, TSB,
Difco, Detroit, MI, USA) that were incubated at 37 °C. The resulting
broth cultures were used for antimicrobial susceptibility test.

The antimicrobial effectiveness of the PPy filmswas tested according
to the model of antibiogram execution by Kirby–Bauer [32]. Also, a re-
sistance profile for a panel of antibiotics was determined for each strain
using the Kirby–Bauer test.

In a clinical setting, the Kirby–Bauer test (or disk diffusion test)
would be strictly standardized (culture medium, bacterial inoculum,
time and temperature of incubation) to ensure consistent and accurate
results. For quality assurance purposes, one of the recommended
organisms is S. aureus ATCC 25923 (Biosafety level 2) as the zone of in-
hibition for this organism is known for standard antibiotics used in
staphylococcal-related infections.

The agar diffusion test was performed at Muller–Hinton agar
(Britania Laboratories S.A., Argentina). For each testedmicrobial species,
an inoculumwas prepared in liquidmedium, corresponding to a turbid-
ity of 0.5 (≈106 Colony Forming Units, CFU ml−1) on the McFarland
standard.

The diffusion technique was carried out by pouring agar into Petri
dishes to form4mmthick layers and adding dense inoculumof the test-
edmicroorganisms in order to obtain semiconfluent growth. Petri plates
were left for 10 min to dry in the air and after that, samples of NiTi
covered with PPy and silver were distributed, using bare NiTi and NiTi
covered only with PPy as control samples. For testing sensitivity or
resistance of S. aureus ATCC 25923 and S. epidermidis to standard
antibiotics used in staphylococcal-related infections, impregnated
discswere placed on the inoculated agar. The antibiotics (Britania Labora-
tories S.A., Argentina) used were: cefotaxime (30 μg), clindamycin (2 μg),
erythromycin (15 μg), nitrofurantoin (300 μg), ciprofloxacin (5 μg),
trimethoprim-sulfamethoxazole (25 μg), penicillin G (10 IU/mL), cepha-
lothin (30 μg), tetracycline (30 μg), cefuroxime (30 μg), vancomycin
(30 μg), chloramphenicol (30 μg), gentamicin (10 μg) and ampicillin
(10 μg).

The incubationwasmade at 37 °C. The plateswere read after 24 h for
the identification of the presence or absence of zones of inhibition.
When zones of inhibition were present, their diameter was measured
using a sliding calliper up to 1 mm resolution.

For antibiotics, the inhibition zone diameters were interpreted as re-
sistant (R) or sensitive (S), according to the CLSI (Clinical and Laborato-
ry Standards Institute) recommendations for Gram positive bacteria
[33].

All assays were performed in duplicate and were replicated inde-
pendently on two separate trials.
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2.3. Statistical analysis

Every experimentwhere quantitative valueswere obtainedwasper-
formed three times to ensure reproducibility and theywill be expressed
as the mean value with the standard deviation given in parentheses.
Whenever applicable, comparison of the experimental data was made
using one-way analysis of variance (ANOVA). Statistical significance
was set at p b 0.05. Then, the post hoc Fisher least significant difference
(LSD) test was used to compare populations taken in pairs.

3. Results and discussion

3.1. Electrochemical synthesis of PPy films

The electrosynthesis of PPy onto NiTi electrodes was performed
potentiostatically at 0.80 V (SCE) for 600 s, in two different NaSa solu-
tions containing the monomer (0.25 M Py). As was found for the films
formed on 316L Stainless Steel, the concentration of salicylate has a
great influence in the morphology of the PPy coatings [18]. When a
low concentrationwas used (0.10M) the typical globular PPymorphol-
ogy was observed (Fig. 1a). On the other hand, when a solution
of 0.50 M of Sa was used, the morphology of the polymer was
characterised by the formation of hollow rectangular microtubes
(Fig. 1b). For simplification these films will be called PPy0.1 and PPy0.5,
respectively. Both films, PPy0.1 and PPy0.5, exhibited a very good adher-
ence to the NiTi substrate and they could only be removed by mechan-
ical polishing. In order to evaluate the adhesion of the coatings, the
necessary force to peel-off the films was measured. The mean adher-
ence force obtained for NiTi/PPy0.1 and NiTi/PPy0.5 were 26.00 (0.46)
and 28.00 (0.26) N, respectively. The measured values are larger than
the ones obtained in a previouswork for PPy dopedwith nitrate and cit-
rate or nitrate andmolybdate [11]. To perform the statistical analysis, all
these measures were used: the ones obtained for NiTi/PPy0.1 and NiTi/
PPy0.5 and the ones obtained in the mentioned paper. The values of F
and p obtained with ANOVA were 1054.03 and 0.0001 respectively.
Then it can be affirmed that the means compared are different due to
Fig. 1. SEM images of PPy electrosynthesised at 0.80 V (SCE) for 600 s in 0.25MPy solution
with: (a) 0.50 M NaSa and (b) 0.10 M NaSa.
the different treatments and not due to experimental errors. The LSD
test determined that the mean adherence force of all the samples
were different, none of the means were similar to each other. So, the
presence of NaSa in the electropolymerisation solution is significant in
terms of adhesion of the samples.

3.2. Corrosion behaviour

One of the objectives of the present studywas to examine the corro-
sion behaviour of the covered electrodes. The variation of OCPwith time
can be used as an indicator of the protection grade imparted by the
polymer. This measure was taken for both coatings, PPy0.1 and PPy0.5,
and then compared with the one obtained for bare NiTi (Fig. 2). A
more positive potential is obtained for both coated electrodes, suggest-
ing that the coatings provide anodic protection to NiTi.

The improved corrosion resistance can also be evaluated by compar-
ing the polarisation curves in 0.15 M of chloride solution. The potentio-
dynamic run for bare NiTi (Fig. 3, curve a) shows a passive region
followed by an increase in the current density at a mean value of 50
(2) mV (SCE), which indicates the breakdown of passivity. In the case
of NiTi/PPy0.1, the curve shows that oscillations appear at amean poten-
tial value higher than 2000 (30)mV (SCE), denoting the onset of pitting
corrosion (Fig. 3, curve b). On the contrary, for NiTi/PPy0.5 the improve-
ment in passivation is seen in the increase of the length of the passive
region (Fig. 3, curve c).

In order to evaluate the pitting corrosion resistance of the covered
electrodes, the current was measured when a constant potential of
0.65 V (SCE), which is above the pitting potential of the bare alloy,
was applied. Current oscillations, that are a typical sign of pitting corro-
sion, were observed for the uncovered substrate (Fig. 4, curve a). A cur-
rent increase was observed for NiTi/PPy0.1 after 2 h of polarisation,
which indicates that the presence of the film is not sufficient to keep
chloride ions away from the surface of the alloy (Fig. 4, curve b). In
contrast to these behaviours, the measured current for NiTi/PPy0.5 is
significantly smaller even after a considerable period of time (12 h)
(Fig. 4, curve c).

Bare NiTi and the electrodes coated with PPy0.5 and PPy0.1 were ex-
amined after polarisation at 0.65 V (SCE) using SEM (Fig. 5). Aswas pre-
viously reported in our papers [10,11], the surface of bare NiTi alloy
presents localised corrosion after applying this potential. The absence
of any detectable change in the PPy0.5 surface (Fig. 5a) indicates that
pitting corrosion does not occur. In addition, the microtubes remain in-
tact after the polarisation. On the contrary, the SEM image of the NiTi
alloy covered with PPy0.1 shows a completely deteriorated coating in
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Fig. 2. Time dependence of the OCP in 0.15 M of NaCl for: (a) NiTi, (b) NiTi/PPy0.1 and
(c) NiTi/PPy0.5.
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Fig. 3. Potentiodynamic polarisation curves of: (a) NiTi, (b) NiTi/PPy0.1 and (c) NiTi/PPy0.5
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several zones (Fig. 5b), indicating that localised corrosion occurs under
the PPy film. The analysis of the amount of nickel and titanium released
into the chloride solution are presented in Table 1. The data confirm that
the dissolution of the alloy was significantly reduced by the presence of
the PPy0.5 coating.
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Fig. 4. Potentiostatic response obtained at 0.65 V in 0.15 M of NaCl solution for: (a) NiTi,
(b) NiTi/PPy0.1 and (c) NiTi/PPy0.5.

Fig. 5. SEM image obtained after polarisation at 0.65 V for 12 h in 0.15MNaCl for: (a) NiTi/
PPy0.5 and (b) NiTi/PPy0.1.
It is worth noticing that in a previouswork, the same coatings, PPy0.1
and PPy0.5, were electrosynthesised onto 316L stainless steel and the
best anticorrosion properties were provided by PPy0.1 [34]. This was at-
tributed to the porous opened structure of the microtubes. In order to
determine the passivating effect of salicylate on both materials,
polarisation curves for NiTi and 316L stainless steel were registered in
0.15 M of NaCl with and without NaSa (Fig. 6(A) and (B)). In the case
of the polarisations of the bare alloys performed in 0.15M of NaCl solu-
tion, both curves show a current increase at 0.25 V (SCE), denoting the
beginning of pitting corrosion (Fig. 6(A) and (B) curves a). As it can be
observed, the presence of NaSa produces a displacement in the pitting
potential, reaching a more positive value in the case of NiTi. The results
suggest that the improvement in the corrosion protection of PPy0.5
when NiTi is used as substrate must be due to the higher amount of Sa
available in the polymer matrix. Even though the structure of the
microtubes is porous, the passivating effect of Sa prevails.

3.3. Silver deposition

The PPy electrosynthesised films are thought to be a propitious sub-
strate to perform the deposition of a metal such as silver. The polymer
can be used for the reduction of silver salts to metallic silver [12] and
the oxidation degree of PPy is determinant in this process.

From the experiments detailed in Section 3.2 it can be concluded
that the PPy0.5 coating has better anticorrosion properties than PPy0.1.
Moreover, this coating has due to its morphology, a higher specific
Table 1
Concentration of Ni and Ti released after anodic polarisation in 0.15M of NaCl solution for
bare NiTi and the different PPy-coated NiTi alloy.

Sample Applied potential
(V (SCE))

Time
(h)

Ni concentration
(mg L−1)a

Ti concentration
(mg L−1)a

Bare NiTi 0.65 0.5 14.96 4.41
NiTi/PPy0.10 0.65 12 13.7 b0.05
NiTi/PPy0.50 0.65 12 b0.05 b0.05

a In all cases, the standard deviation was b0.03.
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area. Then deposition of silver was performed onto this covered elec-
trode by immersion into a 0.05 M of AgNO3 solution for 5 min under
OCP conditions. After this, an anodic stripping sweep starting at 0.30 V
(SCE) was recorded in 0.50 M of NaSa solution. The stripping response
of the NiTi/PPy0.5 electrode is presented in (Fig. 7, curve a). The onset
of a peak at 0.31 V (SCE) is due to oxidation of the deposited Ag. The cur-
rent increase at potentials higher than 0.70 V (SCE) is due to the oxida-
tion of the polymer. In order to determine if the immersion time has an
influence in the amount of silver deposited, the process was repeated
for different immersion times. The results are also shown in Fig. 7,
where it can be seen that the charge corresponding to Ag oxidation in-
creases with the immersion time in the AgNO3 solution (Fig. 7, curves b
and c).

It was postulated that silver is deposited as a result of a redox reac-
tion between the non-oxidised polymer segments and Ag+ ions [18,
20]. Then, another objective of the present study is to evaluate the influ-
ence of a polymer pretreatment on the silver electrodeposition process.
According to this, different potentials were applied to the PPy coated
electrodes in a 0.50 M of NaSa solution in order to obtain different oxi-
dation degrees of the polymer coating. After this, the electrodes were
carefully rinsed with water, immersed in a 0.05 M of AgNO3 solution
and then an anodic stripping sweep was performed.

To choose the appropriate potentials to apply during the pretreat-
ments, the voltammetric behaviour of a thinner PPy0.5 film (formed at
0.80 V (SCE) during 80 s) was evaluated in a 0.50 M of NaSa solution.
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Fig. 6. Polarisation curves for (A) NiTi and (B) 316L stainless steel registered in (a) 0.15 M
of NaCl solution (b) 0.15 M of NaCl + 0.01 M of NaSa and (c) 0.15 M of NaCl + 0.05 M of
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The results are presented in Fig. 8. The potential was cycled repetitively
between 0.60 V (SCE) and −1.20 V (SCE) at a scan rate of 0.05 V s−1.
The redox current peaks developed during cycling indicate that the de-
posited polymer is electrochemically active. The cathodic peak at
−0.95 V (SCE) can be associated with cation (Na+) transport which
takes place to compensate the incomplete release of salicylate during
PPy reduction [35].

According to the results presented in Fig. 8, to obtain a large amount
of non-oxidised segments in the polymer, a potential of−1.00 V (SCE)
was applied for 15 s. After the immersion in Ag+ solution for only 5min,
a white deposit could be observed on the surface of the electrode. The
experiment was repeated applying the same potential, but for 180 s.
When the anodic sweeps were performed, it was observed that the
peak charge corresponding to silver oxidation increases with the
polarisation time (Fig. 9). The effect of this applied potential in the
amount of deposited silver is very significant. For example, the stripping
charge obtained for the untreated PPy0.5 coating immersed for 5 h
(Fig. 7, curve c) is smaller than the charge corresponding to the PPy0.5
coating prepolarised at−1.00 V (SCE) for 180 s and then immersed in
Ag+ solution for only 5 min (Fig. 9, curve b).

A SEM analysis of the coatings confirmed the results of the anodic
stripping curves. When the PPy0.5 coating was not prepolarised, silver
was deposited in the form of rosette-like aggregates (Fig. 10a). When
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the electrode was prepolarised at −1.00 V (SCE) the silver deposits
were more uniform, covering completely the surface of the microtubes.
In the case of the electrode prepolarised for 180 s (Fig. 10b) the amount
of silver deposited is larger than the amount deposited after polarisation
for 15 s (Fig. 10c). Under these conditions, the number of non-oxidised
segments of the polymer increases and as a result the amount of depos-
ited Ag is also increased. In all the cases, the presence of silver was
checked through an EDX analysis (Fig. 10d).

The stripping results corresponding to a polarisation of −1.30 V
(SCE) did not show a well-defined tendency with the variation of
polarisation time. This behaviour might be explained considering that
the pretreatment at this very negative potential might cause the loss
of the polymer conductivity making the oxidation process difficult.
Fig. 10. SEM images for NiTi/PPy0.50 (a) without polarisation and prepolarised at−1.00 V (SCE)
for 5 min. (d) EDX analysis of the central area of (c).
To obtain the response of the polymer with a high oxidation degree,
the PPy-covered electrode was prepolarised at 0.80 V (SCE) before Ag
deposition. In this case the stripping charges decrease with polarisation
time and they are lower than those corresponding to the untreated elec-
trode (Fig. 11, curves a and b).

The response of overoxidised polymer was also checked. The PPy-
covered electrode was prepolarised at 1.20 V (SCE) during different
times in a solution without the monomer. In this case, the stripping
charges increasewith the increment of polarisation time (Fig. 11, curves
c and d). It is well known that overoxidation of conducting polymers
causes a loss of electroactivity and conductivity. But on the other hand
it was postulated that carbonyl and carboxyl groups are generated on
the backbone of overoxidised PPy which promote cationic species to
be accumulated onto thefilm [36,37]. Thus, the presence of these groups
results in an enhancement of the silver ion concentration at the polymer
surface.

The SEM analysis of the coatings again confirms the results obtained
from the anodic stripping curves. In the case of the films prepolarised at
0.80 V (SCE), the amount of silver diminishes with the polarisation time
(Fig. 12a and b), as a consequence of a decrease in the quantity of non-
oxidised segments of the polymer. As a result, less Ag+ ions can be re-
duced. It can be seen that the amount of silver for both polarisation pre-
treatments of 15 s is similar (Fig. 12 a and c). Likewise, polarisation at
0.80 V (SCE) for 180 s leads to an amount of silver almost imperceptible
(Fig. 11 b). In the case of the PPy0.5 coating prepolarised at 1.20 V (SCE)
for 180 s, the quantity of silverwas higher and the deposits formed have
a needle shape (Fig. 12 d), a morphology previously reported [38].

To determine if the coatings maintain the good anticorrosion prop-
erties after the pretreatments and the immersion in AgNO3 solution,
the OCP was measured in 0.15 M of NaCl solution for one week
(Fig. 13). It can be seen that for all the coatings the value of the OCP is
more positive than the OCP value of the bare alloy. The amount of nickel
and titanium released in the chloride solution was analysed and the
values obtained are presented in Table 2. The results indicate that all
the coatings can provide a good protection to the alloy for 7 days.
for: (b) 15 s; (c) 180 s. After this the electrodes were immersed in 0.05M of AgNO3 at OCP
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3.4. Antibacterial activity

With the increase in healthcare-associated infections and the inabil-
ity of conventional antimicrobial therapies to treat them, alternative
methods of preventing staphylococcal biomaterial-related infections
have gained much attention. Today, it is anticipated that an implant is
colonised at the time of implantation due to the introduction of com-
mensal skin bacteria, especially S. aureus (22–23.6%) and S. epidermidis
(19–37.5%) [39].

Our results indicated that S. aureus ATCC 25923 was susceptible to
all antibiotics tested, including the most common antimicrobials
used in clinical therapy. In contrast, S. epidermidis was susceptible only
Fig. 12. SEM images for NiTi/PPy0.50 (a) prepolarised at 0.80 V (SCE) for 15 s; (b) prepolarised a
(SCE) for 180 s; then immersed in 0.05 M of AgNO3 at OCP for 5 min.
to vancomycin, tetracycline, chloramphenicol and nitrofurantoin.
Therefore, it is considered as multiresistant.

Once established the resistance to antibiotics of these bacteria, we
aimed to determine through an in vitro assay the antibacterial proper-
ties of NiTi/PPy0.5/Ag compounds against the multidrug-resistant strain
(S. epidermidis) and the drug-susceptible strain (S. aureus ATCC 25923).

Using the diameter of inhibition zone in disk diffusion test (Table 3)
the antibacterial activity of NiTi/PPy0.5/Ag compoundswas compared to
the strains. The diameter of the inhibition zone reflects themagnitude of
susceptibility of the microorganism.

Because it has been shown that NiTi alloy [40] and salicylate them-
selves have antibacterial activity [41], bare NiTi and NiTi/PPy0.5 were
t 0.80 V (SCE) for 180 s; (c) prepolarised at 1.20 V (SCE) for 15 s; (d) prepolarised at 1.20 V



Table 2
Concentration of Ni and Ti released after OCP in 0.15 M of NaCl solution for bare NiTi and
the different PPy-coated NiTi alloys. For the prepolarised samples, the polarisation time
was 180 s.

Sample Applied
potential (V
(SCE))

Time of
immersion in
Ag+ (h)

Ni
concentration
(mg L−1)a

Ti
concentration
(mg L−1)a

Bare NiTi – – 2.34 b0.05
NiTi/PPy0.5 – 5 0.27 b0.05
NiTi/PPy0.5 –1.00 5 b0.05 b0.05
NiTi/PPy0.5 0.80 5 b0.05 b0.05
NiTi/PPy0.5 1.20 5 b0.05 b0.05

a In all cases, the standard deviation was b0.03.
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tested. Bare NiTi does not inhibit the antibacterial activity, but an inhibi-
tion zone of 2 mm was observed in the case of NiTi/PPy0.5.

While both S. aureus and S. epidermidis depict a high sensitivity to
the NiTi/PPy0.5/Ag compounds, ATCC strain was more sensitive com-
pared with the clinical strain. For S. aureus ATCC 25923, the size of the
inhibition area was between 12 and 16 mm, with a clear demarcation
between the edge of the area and the culture. It can be assessed that
these species of Staphylococcus presented the highest sensitivity against
the NiTi/PPy0.5/Ag system showing the largest inhibition zones. For
S. epidermidis, the zones of inhibition were in the 8–10 mm range. The
S. epidermidis was less sensitive compared to the reference strain.

The fact that the drug-resistant and drug-susceptible strains were
affected by NiTi/PPy0.5/Ag compounds would indicate that the drug-
resistant proteins that give bacteria the capacity to avoid antibiotics
do not affect the efficacy of these compounds.

Antimicrobial mechanism of action of silver ions to microorganism
cells is very complex. Several proposals have been developed to explain
the antimicrobial effects of silver ions. First, silver ions bind to the cell
envelope, thereby causing a change in their structure and permeability
and inactivation proteins [42,43]. Finally, the silver ions penetrate into
the cell and inhibit various proteins in the cytoplasm and ribosome
and interact with nucleic acids preventing replication and translation
processes, causing cell death [44,45].

The data presented here illustrates the potential biocidal effect of
NiTi/PPy0.5/Ag compounds to differentmicrobial strains, including high-
ly multiresistant bacteria such as S. epidermidis used in this work.
Certainly, the use of clinical strains isolated from patients with infection
provides the antimicrobial activity of NiTi/PPy/Ag compounds in current
medical practice.

Regardless of the immersion time employed (2 min versus 5 h), the
diameter of the inhibition zone did not differ in any of the tested bacte-
ria. Since the inhibition zone was measured on agar plates using a ruler
with 1 mm resolution, the possibility of measurement errors exists.
These results indicate that the inhibitory activity of the coated elec-
trodes is independent of the immersion time during the coating
preparation.

The statistical analysis was performed for each strain. The values of F
and p were 264.0 and 0.0001 in the case of the S. aureus and 99.67 and
0.0003 for S. epidermidis. In both cases, the LSD test demonstrated that
Table 3
Inhibition zone diameter for the different NiTi/PPy0.5 coatings.a

Sample Applied
potential
(V (SCE))

Time of
immersion
in Ag+ (h)

Diameter of the inhibition
zones (mm)

S. aureus
ATCC 25923

S. epidermidis

NiTi – – 0 0
NiTi/PPy0.50 – – 2 (0) 2 (0)
NiTi/PPy0.50 −1.00 5 h 15 (0) 10 (0)
NiTi/PPy0.50 −1.00 2 min 14 (2) 9 (1)

a Mean values, with sample standard deviations in parentheses.
mean values of the samples covered with Ag did not differ from one
another.
4. Conclusions

Polypyrrole films could be electrosynthesised onto NiTi alloy in the
presence of NaSa. The morphology of the films depended on the NaSa
concentration: granularmorphology for low concentrations and hollow
rectangularmicrotubes for high concentrations. TheOCPmeasurements
in NaCl suggest that both coatings provide anodic protection to the
alloy, but the PPy0.1 was not able to protect the substrate from the
pitting corrosion process.

The silver deposition process can be carried out at OCP conditions.
The amount of silver deposited depended on the immersion time in
AgNO3 solution and the oxidation degree of the polymer. Themaximum
amount of silver was obtained when the PPy0.5 was prepolarised at
−1.00 V (SCE) for 180 s in NaSa solution. This result suggests that a
great quantity of non-oxidised segments is obtained by polarising the
polymer with a negative potential. All the PPy0.5/Ag coatings can still
provide corrosion protection to the alloy after one week of immersion
in NaCl solution at OCP conditions.

The antibacterial test against S. aureus and S. epidermidis for NiTi/
PPy0.5 electrodes prepolarised at−1.00 V (SCE) for 180 s and then im-
mersed in AgNO3 demonstrated that they have a good antibacterial
activity.
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