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Abstract

To enhance interaction with the host tissue and protect the metal surface, various surface
treatments can be applied to dental implants. This study aimed to produce layer-by-layer
(LbL) films by alternated immersion of the titanium sample into polyacrylic acid (PAA) and
chitosan solutions, obtaining a PAA/chitosan bilayer architecture, seeking to improve the
corrosion resistance. For this purpose, 03 experimental groups (n = 05) were performed: Ti-
Cp (as control), Ti-Cp+8 bilayers PAA/chitosan, and Ti-Cp+12 bilayers PAA/chitosan. The
corrosion behavior was assessed by using open-circuit potential (OCP), potentiodynamic
polarization curves (PPcs) and electrochemical impedance spectroscopy (EIS) techniques,
conducted in 0.9 wt% NaCl solution at a controlled temperature of 25 ± 1 ◦C. The samples
were characterized morphologically and structurally by atomic force microscope (AFM),
scanning electron microscopy/energy-dispersive X-ray (SEM/EDX), and X-ray diffraction
(XRD) techniques before and after the corrosion tests. The electrochemical results signifi-
cantly highlight the beneficial influence of coatings based on PAA/chitosan in enhancing
the corrosion resistance of titanium. These findings not only corroborate the feasibility of
using alternative materials for the protection of titanium but also open new possibilities for
the development of innovative coatings that can be applied within the biomedical sector,
serving as mediators for medicinal purposes, particularly in osteoconductive interventions.

Keywords: corrosion; titanium; PAA/chitosan coatings; dental implant; surface treatment

1. Introduction
The use of dental implants is one of the most reliable methods for replacing lost

dental elements [1]. The implant’s success hinges upon the interaction of the material
with the host bone tissue, which is initially dictated by the composition and topography
of the surfaces [2–4]. Therefore, commercially pure titanium (Ti-Cp) and its alloys are
the most used materials in the manufacture of dental implants, since they bear suitable
mechanical properties, high corrosion resistance, and adequate biocompatibility [5–8]. The
good corrosion resistance of titanium and its alloys arises from the thin TiO2 layer that
spontaneously forms on their surface when exposed to the atmosphere [9,10]. However,
the Ti by itself is not capable of preventing long-term corrosion when installed in the oral
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cavity. The challenging environment, linked to the impact of masticatory forces capable of
inducing mechanical wear in the contact zone, exerts a profound influence on the chemical,
as well as the mechanical conditions of this metal [11].

Although Ti-Cp possesses inherent corrosion resistance, the dynamic oral environment
(pH fluctuations between 2.0 and 7.8, cyclic masticatory forces up to 70 N, and bacterial
biofilms) can locally compromise the TiO2 passive layer [5,12]. As Mathew et al. [13]
demonstrated, this localized degradation triggers the release of pro-inflammatory Ti4+ ions,
justifying additional protective strategies.

The chemical degradation still compromises the tribological properties of Ti [14,15],
thus promoting the release of by-products from deterioration of the material around
adjacent tissues [16,17]. This process can be correlated to ineffective osseointegration and
implant failure caused by infections, osteolysis, and bone resorption [18]. To address these
challenges, surface modification of titanium through chemical or physical texturing has
been employed as a strategic approach to enhance both the biological response and the
fixation of dental implants compared to unmodified titanium surfaces [19,20]. Therefore, the
main objectives in implantology are increasing the success rate of dental implants by tuning
surface properties, stimulating osseointegration, and reducing the healing period [21].

Some methods can be cited, including blasting and chemical treatment. Blasting is
responsible for the increased adhesion of odontoblastic cells [22]. Chemical treatment,
using either hydrogen peroxide or hydrochloric acid (HCl), triggers new bone formation
through apatite deposition and forming a layer of bioactive Ti-gel on complex surfaces [23].
Furthermore, chitosan/polyacrylic acid multilayers deposited by the layer-by-layer (LbL)
technique promote adhesion, proliferation, and differentiation of bone cells on the Ti
surface, which might improve osseointegration and antibacterial properties of the im-
plants [24]. Moreover, the coatings can improve responses against chemical degradation,
since they avoid direct contact between the corrosive environment from body fluids and
the substrate [25,26].

Chitosan, a cationic biopolymer obtained through the deacetylation of chitin, has
been employed as a biomaterial for the surface texturing of titanium [27]. Among its
advantageous attributes, chitosan can activate macrophages and neutrophils, stimulate
fibroblastic cell activity, detect growth factors, and trigger the production of cytokines and
collagen. Additionally, it plays a pivotal role in activating angiogenesis processes [28].
Using chitosan can enhance the contact between the surface of the implant and the host
bone tissue by changing the modulus of elasticity, thus reducing the mismatch between
the interfaces, decreasing areas of stress concentration [29]. Moreover, the functional
groups of chitosan can bind different molecules and act as a carrier of bioactive molecules,
such as antibiotics, for site-specific delivery around the implant area [30]. Changing the
implant surface chemistry can increase bioactivity and corrosion resistance; therefore,
chitosan films can be a promising protection against the natural deterioration in the oral
environment [31]. Unlike prior studies focusing exclusively on either bioactivity or corrosion
resistance [32,33], the present work introduces a dual-functional multilayer system that
(i) reduces electrochemical degradation of the Ti-Cp substrate to below critical thresholds
associated with peri-implantitis (<1 µA/cm2) [34] and (ii) maintains osteoconductivity
through the carboxyl functional groups of PAA.

In this study, we present an innovative and applied research effort to demonstrate
the feasibility of Ti-Cp functionalization by applying multiple layers of chitosan using the
layer-by-layer (LbL) methodology. Subsequently, the investigation sought to determine
whether the resultant coating influences the ability of Ti-Cp surfaces to resist chemical
degradation when exposed to a saline solution.
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2. Materials and Methods
2.1. Specimen Preparation

Discs (Ø13 × 2 mm) composed of machined commercially pure titanium (Dentaurum,
Inspringen, Germany) were used in the present work. Before the electrochemical tests, the
samples underwent metallographic preparation and were sanded using silicon carbide
(SiC) sandpapers in the sequence range of 240, 400, 600, 800, 1200, and 2000 mesh. The
polishing process was carried out using diamond paste down to 1 µm (Strues, Glasgow,
UK), 0.06 µm diameter colloidal silica particles, and 0.05 µm diameter alumina particles
(Strues, Glasgow, UK), and finished with a cloth wheel and OSP solution (Colloidal silica
suspension—SiO2—0.04 µm) + 30% H2O, following the recommendations described by
Caio et al. [35]. The sanding and polishing processes were conducted using FORTEL/PFL
model equipment at an angular frequency of 600 rpm. Last, the samples were ultrasonically
cleaned for 10 min in propanol and 5 min in distilled water. The samples were kept for 14 h
in a desiccator to obtain similar surface conditions.

2.2. Deposition of the Chitosan/PAA Coating on Ti-Cp

Initially, an aqueous solution of chitosan and PAA was prepared. For this, 2.5 mL of
acetic acid (Glass-Lab) and 0.25 mg of chitosan were added to 250 mL of water from a Milli-Q®

system. In another beaker, 0.5 g of PAA was dissolved in 250 mL of water from a Milli-Q®

system [36]. The solutions were heated to 60 ◦C, with continuous stirring, for 4 h, followed by
an additional 24 h at room temperature. Subsequently, the solutions were filtered through
a 0.45 µm pore filter (JET BIOFIL®, Guangzhou Jet, Guangzhou, China), employing a 10
mL syringe for assistance. LbL assembly was executed through the sequential deposition
of PAA and chitosan onto the Ti discs at a pH of 3.5. Employing a dip-coater, the Ti-Cp
disc was immersed in a solution containing the polyanion PAA for 20 min to facilitate the
deposition of the initial layer. Subsequently, washing was conducted to eliminate loosely
bound or unbound polyelectrolyte chains by immersing the sample in Milli-Q water for 5
min. This step is characterized by avoiding cross-contamination of polyelectrolytes with
opposite charges. The Ti-Cp disc containing the first PAA layer was immersed in the solution
containing the polycation chitosan for 20 min. The discs were dried with an air jet between each
deposition. This process was repeated until the desired layers were achieved. In this study, we
prepared Ti-coated samples containing 8 and 12 layers of the polyelectrolytes. The immersion
times were selected based on adsorption kinetics studies for PAA and chitosan, where 20
min ensures complete and homogeneous layer coverage, and 5 min is sufficient for rinsing
without destabilizing the multilayer structure [36–38]. Figure 1 shows a schematic setup of
PAA/chitosan LbL film fabrication onto titanium (top), followed by digital photography of
the film (geometric area of 1.5 cm2) with different numbers of bilayers (bottom). It is very
important to emphasize that the drying process was performed by using a nitrogen jet.

Figure 1. Schematic setup of PAA/chitosan LbL film fabrication onto titanium (top), followed
by digital photography of the film (geometric area of 1.5 cm2) with different numbers of bilayers
(bottom). The drying process was carried out using a nitrogen jet.
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2.3. Corrosion Tests

In this study, we examined the impact of bilayers deposited onto Ti-Cp specimens
through the LbL method by using uniform electrochemical tests. For this purpose, open-
circuit potential (OCP), potentiodynamic polarization curves (PPcs), and electrochemical
impedance spectroscopy (EIS) tests were performed in 0.9 wt% NaCl solution at room
temperature. The electrochemical tests were performed by using a µStat-i 400s/MetrOhm
potentiostat/galvanostat (DropSens, Metrohm, Oviedo, Spain) and an electrochemical
cell containing a three-electrode compartment, consisting of a working electrode with an
exposed area of 1 cm2 (samples of Ti-Cp with and without PAA/chitosan), a platinum (Pt)
counter electrode, and a saturated calomel reference electrode (SCE) (Hg/Hg2Cl2, KClsat),
at the Department of Materials Engineering (SMM) of the São Carlos School of Engineering
(EESC) at the University of São Paulo (USP), São Carlos, São Paulo, Brazil. The samples’
corrosion potential (EOCP) was monitored during 1 h (3600 s). The PPc tests started at
−0.5 V versus EOCP in the anodic direction up to 2.0 V/SCE, with a sweep rate of 1 mV s−1.
The EIS spectra were recorded over a frequency range of 100 kHz to 10 mHz, employing a
sinusoidal wave of 10 mV (rms). EIS spectra were obtained for at least three samples of each
specimen (3 h, 12 h, 24 h, and 48 h of immersion), and the consistency of the impedance
data and compliance with validation criteria for these measurements were assessed using
the Kramers–Kronig (KK) transformations. The corrosion micromechanisms associated
with each sample type were elucidated using equivalent electrical circuits (EECs) through
the Zview2 software version 2.9b.

2.4. Morphological and Structural Characterization

The morphology and composition of the Ti-Cp and Ti-Cp containing chitosan bilayers
were assessed by scanning electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (XRD) techniques, before and after the corrosion tests. For this purpose, SEM
analyses were carried out by using ZEISS EVO Family Modular SEM Platform equipment
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany) at the Medicine School, Univer-
sity of São Paulo (USP), Ribeirão Preto, SP, Brazil. These analyses were performed on all
samples before and after the potentiodynamic polarization tests. The surface morphology
of the Ti-Cp, Ti-Cp+8 bilayer and Ti-Cp+12 bilayer samples was also evaluated following
the EIS tests. Micrographs were acquired using a secondary electron (SE) detector. For
this purpose, a FEI Inspect S50 scanning electron microscope equipped with a tungsten
electron gun, operating at 20 kV, was utilized in the Materials Engineering Department
(DEMA) at the Federal University of São Carlos (UFSCar), São Carlos, SP, Brazil. The AFM
analyses were performed using a FlexAFM NanoSurf equipment (Nanosurf AG, Liestal,
Switzerland) at the Chemical Department at the Faculty of Philosophy, Sciences and Letters of
Ribeirão Preto, SP, Brazil, operating in dynamic mode, with an acquisition speed of 0.25 Hz to
1 Hz, with a C300 controller (Nanosurf AG, Liestal, Switzerland). The images were processed
using the Gwyddion program. XRD diffractograms were obtained by using a PANalytical
model X’Pert PRO MPD diffractometer, under CuKα radiation. Measurements were carried
out using the grazing incidence X-ray diffraction technique (GID) on the incident angle fixed
at 6◦. A high-resolution PIXcel 1D semiconductor radiation detector scanned the diffracted
radiation, rotating between 5 and 80◦ (2θ), with an angular step of 0.0263◦ and a 80 s counting
time per point. The voltage and current used were 40 kV and 30 mA, respectively.

3. Results and Discussion
In this study, uniform electrochemical tests were conducted to explore the impact

of PAA/chitosan coating on the corrosion resistance of Ti-Cp alloy. Figure 2a displays
representative curves depicting the evolution of the open-circuit potential over time for
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the Ti-Cp with and without chitosan bilayers, whilst Figure 2b exhibits the characteristic
potentiodynamic polarization curves. The results indicate that the open-circuit potential
(Eocp) values for the Ti-cp specimen incorporating 12 chitosan bilayers were shifted towards
less negative values. This shift suggests enhanced surface protection and possibly improved
resistance to corrosion processes. In contrast, the samples of Ti-Cp and those with eight
chitosan bilayers exhibited quite similar electrochemical behavior. As can be seen, the alloy
with Ti-Cp+12 bilayers exhibits a corrosion potential (Ei = 0) that is slightly more positive
than that measured in the Ti-Cp and Ti-Cp+8 bilayers. As reported in the literature [39–45],
the value of corrosion potential (Ecorr) is typically regarded as an indicator of the nobility of
the material; a higher Ecorr corresponds to a more corrosion-resistant system. The beneficial
effect of the coating is also evidenced by the icorr values, which demonstrate a significant
reduction. This improvement can be attributed to the shift of the cathodic branch of the
coated samples, which is positioned further to the left in the curve presented in Figure 2b.
This shift indicates a decrease in the corrosion rate, suggesting that the coating effectively
protects against corrosion, resulting in superior electrochemical performance. Thus, it
is evident that the coating application not only enhances corrosion resistance but also
modifies the dynamic characteristics of the interface between the material and the corrosive
medium, thereby offering even more robust protection for the analyzed samples. These
results highlight the importance of selecting suitable coatings to enhance the durability and
structural integrity of materials exposed to harsh environments.

Figure 2. (a) Open-circuit potential variation with time and (b) characteristic potentiodynamic
polarization curves for the Ti-Cp with and without chitosan bilayers in aerated 0.9% NaCl solution.

Figure 3a–f displays the SEM images and the XRD spectrum before and after the
potentiodynamic polarization tests for Ti-Cp, Ti-Cp+8 bilayers, and Ti-Cp+12 bilayers. As
is evident, deposits form noticeably on the surface of the Ti-Cp+8 bilayer and discreetly
on both the base material and Ti-Cp + 12 bilayers. As observed in the XRD patterns,
there are no discernible structural differences between the specimens before and after
undergoing corrosion electrochemical tests. Conversely, the absence of additional peaks
following the deposition of PAA/chitosan on the Ti-Cp surfaces suggests the formation
of amorphous layers. The 2D and 3D morphological projections obtained using the AFM
technique are depicted in Figure 4. The 3D morphological projections acquired with AFM
showed a gradual quantitative increase in the roughness of the Ti-Cp sample (166.09 nm to
338.11 nm) and Ti-Cp+8 layers of PAA/chitosan (143.90 nm to 261.48 nm) after the corrosion
assays. However, for the Ti-Cp+12 layers of PAA/chitosan, the roughness decreased after
electrochemical assays (118.37 nm to 104.17 nm). Concerning the Ti-Cp+12 layers of the
PAA/chitosan specimen, this modification may have occurred due to corrosion products’
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sealing of defect regions. Further discussions can be made with the EIS analyses in the
following paragraphs.

Figure 3. SEM images obtained using secondary electrons (SE) mode and X-ray diffraction patterns
for the (a) Ti-Cp without corrosion test, (b) Ti-Cp after corrosion tests, (c) Ti-Cp+8 bilayers before
corrosion tests, (d) Ti-Cp+8 bilayers after corrosion tests, (e) Ti-Cp+12 bilayers before corrosion tests,
and (f) Ti-Cp+12 bilayers after corrosion tests.

The observed increases in film thickness, congruent with previously reported values
for polyacrylic acid (PAA)/chitosan bilayers in the literature [37,38], coupled with the
surface morphology (as evidenced by SEM and AFM analyses) and the substantial enhance-
ment in electrochemical impedance moduli, collectively furnish compelling evidence for the
efficacious formation of the self-assembled multilayer coating. These multifaceted parame-
ters are widely acknowledged in the scientific community as robust and reliable indicators
of successful LbL film construction [37,45]. The convergence of these multiple lines of evi-
dence substantiates the integrity and consistency of the fabricated nanostructured coating,
thereby corroborating the effectiveness of the employed LbL assembly methodology.

Figure 5 presents the Bode plots and Nyquist diagrams for the Ti-Cp and Ti-Cp
samples with 8 and 12 bilayers, analyzed over various immersion times. These diagrams
provide a clear insight into the electrochemical properties of the samples, enabling the
assessment of changes in impedance over time. By analyzing these data, it becomes possible
to discern the influence of the number of bilayers on each sample’s electrochemical behavior
and corrosion resistance, thereby facilitating a deeper understanding of the mechanisms
involved in the interactions between the surfaces and the corrosive medium. A general
analysis of the impedance spectra reveals the presence of two time constants: one at high
frequencies and the other at low frequencies, as well as the chitosan coatings’ positive
influence in improving the Ti-Cp’s corrosion resistance for all immersion times studied.
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Figure 4. Two- and three-dimensional morphological projections obtained by using AFM technique
for the (a) Ti-Cp without corrosion test, (b) Ti-Cp after corrosion tests, (c) Ti-Cp+8 bilayers before
corrosion tests, (d) Ti-Cp+8 bilayers after corrosion tests, (e) Ti-Cp+12 bilayers before corrosion tests,
and (f) Ti-Cp+12 bilayers after corrosion tests.

The present work proposes two equivalent electrical circuits (EECs) to elucidate the
corrosion mechanisms involved. The first one (see Figure 6a), referred to as EEC1 [46],
was proposed for the Ti-Cp specimens and consists of the Ohmic resistance (RΩ) and
the loop CPEbl-Rbl, which represents the constant phase element of the barrier layer and
its resistance.

The Ohmic resistance, denoted as RΩ, is the sum of the resistance of the electrolyte
(Rs), the resistance of the electrical wires (Rel,w), and the internal resistance of the electrodes
(Rint,el). Generally, the latter two terms are negligible in comparison to the first. Thus, for a
region defined by an area (A) and a length (l), traversed by a uniform electric current, Rs can
be expressed as follows: Rs = ρ (l/A), where ρ represents the electrical resistivity in Ω m−1.
The EEC2 [34] presented in Figure 6b was employed to describe the corrosion properties of
the chitosan bilayer samples. In this circuit, Rs represents the resistance of the solution, with
the loop CPEbl-Rbl associated with the inner layer, and the loop CPEp-Rp corresponding
to the outer layer. The impedance of a constant phase element, ZCPE, can be expressed as
(ZCPE = 1/[Y0(jω)n], where −1 ≤ n ≤ 1. The values of the parameter n are directly related
to the non-uniform distribution of electric current over the surface of the working electrode,
which arises due to the presence of roughness and defects. Consequently, for heterogeneous
surfaces, the values of n become less than 1, and Y0 does not represent capacitance. In the
context of this study, the most critical aspect is not merely the precise determination of
capacitance values, but rather the understanding of the corrosion mechanisms involved. In
this sense, constant phase elements will be interpreted as indicative of capacitance.
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Figure 5. Nyquist plots (a,c,e,g) and Bode plots (b,d,f,h) of electrochemical impedance spectra for
Ti-Cp, Ti-Cp+8 bilayers, and Ti-Cp+12 bilayers after 3, 12, 24, and 48 h of immersion in aerated 0.9%
NaCl solution. The multilayer coatings improved corrosion resistance over time.

Figure 7 presents a compilation of the results obtained from the fittings of the EIS data
for the Ti-Cp samples, Ti-Cp+8 layers, and Ti-Cp+12 layers, respectively. As previously
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mentioned, two EECs were utilized to elucidate the corrosion mechanisms of the samples
with and without coating. In this sense, Figure 7 displays the obtained parameters from
the fitting and demonstrates the corrosion behavior with immersion time for the compact
barrier and the outer chitosan layers (8 and 12 bilayers). It is observed that, across all
the samples analyzed, the electrolyte resistance remains virtually constant throughout all
immersion times. This behavior was anticipated, as the distance between the working and
reference electrodes was kept constant during the execution of the electrochemical corrosion
tests. Moreover, considering that the maximum immersion period evaluated was 48 h,
there was no significant evaporation of the solution that might have introduced variations
into the results obtained. This stringent control of experimental conditions ensures that any
variations observed in the data are not due to environmental changes but are intrinsic to the
material characteristics of the samples under study. The capacitance behavior of the barrier
layer demonstrates remarkable stability across all immersion periods for the Ti-Cp sample.
This consistency signifies effective protection of the titanium surface against corrosion,
reflecting both the integrity of the coating and the efficacy of the TiO2 layer formation at
the interface. In comparing the capacitance values between the Ti-Cp+8 bilayers and the
Ti-Cp+12 bilayers samples, it is evident that the latter exhibits significantly lower capac-
itance values throughout the entire testing duration. This observation suggests that the
additional bilayers may contribute to a denser and more effective barrier against corrosive
processes, enhancing the overall protective performance of the coating. Considering that
the capacitance of the inner layer may be written as Cbl = (κε0 A)/d, where ε0 is the vacuum
permittivity (8.85 pF/m), κ represents the dielectric constant of the oxide film, A is the
sample surface area, and d the thickness, and assuming that the surface area of the oxide is
kept almost constant upon immersion and that the same applies to the oxide thickness, the
continuous increase of the capacitance values may only be explained based on the change
of the dielectric constant [47]. The values of Cbl align with those obtained for the resistance
of the barrier layer. Lastly, the values of nbl range from 0.88 to 0.98.

Figure 6. Schematic representation of the corrosion and the proposed equivalent circuit: (a) EEC1 for
the Ti-Cp sample, and (b) EEC2 for the Ti-Cp+8 bilayers and Ti-Cp+12 bilayers.

Upon examining the results obtained for the coated specimens, it is observed that the
capacitance values of the outer layer, Cp, are significantly higher in the Ti-Cp+8 bilayers
sample. In this case, the increase in Cp values over the immersion time may be associated
with an enhancement in the electroactive area or a reduction in the thickness of the chitosan
film deposited on the sample’s surface. Thus, it can be inferred that the sample containing
12 bilayers exhibits a superior resistance to the corrosion process. This enhanced perfor-
mance may be attributed to the effective barrier properties offered by the additional bilayers,
which likely improve the protective capabilities of the coating against corrosive agents.
The increased bilayers may contribute to a more uniform and dense structure, thereby
minimizing the penetration of corrosive species and maximizing the underlying sample’s
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electrochemical protection. The results for Cp align closely with the values of outer layer
resistance for the sample with eight bilayers. The sample containing 12 bilayers increased
the Rp values, starting from the first 3 h of immersion in a 0.9% NaCl solution. These values
remained approximately constant until the conclusion of the corrosion testing. Therefore,
considering that Rp can be expressed as Rp = Rp (Ageometric/Acorroded), the observed in-
crease with immersion time is attributed to forming a surface layer of corrosion products.
This layer plays a crucial role in sealing the defects present on the sample surface, thereby
enhancing the overall protective properties of the coating. The gradual accumulation of
corrosion products suggests that the sample experiences self-healing, which improves
corrosion resistance over time. Concerning the np parameter, it is evident that the Ti-Cp+8
bilayer sample displays values ranging from 0.66 to 0.76, whereas the Ti-Cp+12 bilayer
sample presents values between 0.70 and 0.80. These findings suggest that the surface com-
prising 12 bilayers is more homogeneous, a conclusion that is consistent with the surface
roughness measurements obtained through AFM analyses. Figure 8 exhibits the Bode plots
and Nyquist diagrams of EIS spectra and fitting of Ti-Cp, Ti-Cp+8 bilayers, and Ti-Cp+12
bilayers exposed to 0.9 wt% NaCl solution, corresponding to the mathematical modeling of
these data using equivalent electrical circuits (EECs). Thus, the impedance spectra were
fitted to these circuits, resulting in an excellent correlation, with x2 values in the range of
10−4. Figure 9 presents images acquired using SEM/EDX techniques, depicting the surfaces
of both coated and uncoated samples after the execution of EIS measurements. The analyses
distinctly reveal variations in surface morphology between the samples, highlighting the
modifications introduced by applying the PAA/chitosan coating. The EDX analyses were
adequately sufficient to confirm the presence of the characteristic chemical elements of
polyacrylic acid (PAA) and chitosan, respectively.

Figure 7. Average values of the EIS parameters of Ti-Cp, Ti-Cp+8 bilayers, and Ti-Cp+12 bilayers after
exposure to 0.9 wt% NaCl solution. Green: Ti-Cp+8 bilayers (inner layer); Red: Ti-Cp+12 bilayers
(outer layer).
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Figure 8. Nyquist (a,c,e) and Bode (b,d,f) plots of EIS spectra and fittings for Ti-Cp (a,b), Ti-Cp + 8
bilayers (c,d), and Ti-Cp + 12 bilayers (e,f) after 3 h of immersion in 0.9% NaCl solution. Black dots
represent experimental data, and red lines indicate the fitting curves.

Figure 9. SEM/EDX images of the surfaces of coated and uncoated samples after EIS measurements
in 0.9 wt% NaCl solution: (a,b) Ti-Cp; (c,d) Ti-Cp + 8 bilayers; (e,f) Ti-Cp + 12 bilayers.

Considering the electrochemical results, a corrosion mechanism may be proposed (see
Figure 10). Since the coatings are manually applied to the Ti-Cp surfaces using the LbL tech-
nique, ensuring uniformity in forming these layers is challenging. This variability is likely
attributable to numerous agglomerates observed across different regions of the surfaces
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that contain immobilized PPA/chitosan. When the functionalized material is subjected to a
corrosive medium containing Cl− ions, an electrostatic attraction is established between the
positive charges of chitosan and the negatively charged ions present in the solution. This
interaction may facilitate localized corrosion processes, as the heterogeneity of the coating
can lead to differential responses in various surface areas. Consequently, understanding
the interplay between agglomerates and the electrochemical behavior in the chloride-rich
environment becomes crucial for assessing the durability and efficacy of the coatings.

Figure 10. A corrosion mechanism was proposed for the Ti-Cp+8 and Ti-Cp+12 bilayers after EIS
tests in 0.9% NaCl solution.

4. Conclusions
The primary objective of this study was to evaluate the influence of PAA, and chitosan

coatings applied to the surface of titanium via the LbL technique. Corrosion tests conducted
on both coated and uncoated specimens demonstrated that using 8 and 12 bilayers signifi-
cantly enhanced the electrochemical performance of the titanium substrates. Specifically,
these coatings yielded markedly lower corrosion current density values, 0.2581 µA/cm2

(Ti-Cp), 0.0807 µA/cm2 (Ti-Cp+8 bilayer), and 0.0599 µA/cm2 (Ti-Cp+12 bilayer); lower
corrosion rates, 0.0573 mm/year (Ti-Cp), 0.0179 mm/year (Ti-Cp+8 bilayer), and 0.0132
mm/year (Ti-Cp+12 bilayer); and higher impedance moduli compared to the uncoated
base material across all immersion durations assessed. Furthermore, it is noteworthy
that, besides enhancing titanium’s anticorrosive properties, chitosan exhibits potential as a
mediator for medicinal applications, particularly in promoting osteoconductive activities.
This dual functionality underscores the versatility of PAA/chitosan coatings, paving the
way for their use in sophisticated biomedical applications where both corrosion resistance
and biocompatibility are imperative.
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