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ARTICLE INFO ABSTRACT

Keywords: The coating of titanium with chitosan is a promising way to reduce the infection risk and to modulate the in-

Tltfiﬂlum flammatory response of bone implants, but no effective coating procedure exists at the moment. Two titanium

gh‘tt‘fsa“ surfaces are tested in this research: a mechanically polished (as reference) and a chemically pre-treated one.
oating

Three coating strategies are followed: the direct linking at different pH (acidic and neutral), covalent bonding
through a chemical activation of the titanium substrate (tresyl chloride) or through a linker molecule (poly-
dopamine). The obtained coatings have been characterized by means of SEM, AFM, FT-IR spectroscopy, zeta
potential titration curves, tape adhesion test, and soaking at physiological pH for 2 weeks. The best results, in
terms of the degree of the surface coverage and stability of the interface, are obtained on the chemically pre-
treated surface. Comparing the different coating procedures, in descending order of efficacy, we find the
direct linking at acidic pH, covalent bonding through chemical surface activation, use of a linker molecule, and
direct linking at neutral pH. The combination of a proper coating procedure and pre-treatment of the surface is

effective in enhancing the electrostatic bonding of the coating to titanium.

1. Introduction

Chitosan is considered as being a non-toxic and biologically
compatible polymer. It is a natural biopolymer derived from the
deacetylation of chitin, which is the structural element in the exoskel-
eton of crustaceans (such as crabs and shrimps) and cell walls of fungi.
However, certain modifications implemented on chitosan could limit the
biocompatibility and any residual reactants should be carefully
removed. The biocompatibility of chitosan is largely attributed to its
similarity to the extracellular matrix glycosaminoglycans [1]. Generally
speaking, the chitosan with higher degree of deacetylation (91-95%)
and lower average molecular weight (100,000-200,000) is preferred for
scaffolds, because it has higher hydrophilicity, cell adhesion and pro-
liferation. On the other side, also cytotoxicity is higher at high degree of
deacetylation and more strongly related to the molecular weight than at
lower degree of deacetylation [1]. In this work, a chitosan with a low
degree of deacetylation is selected according to the good outcome in
terms of the enhancement of the natural bone remodeling mechanism
[2]. The tests performed about the use of this biopolymer in the human
body do not report any allergic reaction after implantation, injection or
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ingestion. The degradation of chitosan occurs by enzyme action or hy-
drolysis [3]. The cost of chitosan itself as a component in high-value
biomedical applications is considered marginal.

Chitosan exhibits low immunogenicity, excellent mechanical prop-
erties, and proven antimicrobial activity (for instance against Staphylo-
coccus aureus and Escherichia coli [4]) generally explained on the basis of
its cationic nature [5] [6]. The low molecular weight chitosan penetrates
the bacterial cell walls, binding DNA, and inhibiting its transcription
[7]1, while the high molecular weight chitosan binds the negatively
charged components of the cell walls forming a barrier against the nu-
trients transport into the cell. The amount of the chitosan bonded with
the bacterial cell wall depends on the environmental pH value and the
degree of acetylation. A low environmental pH increases the positive
charge of chitosan that favours binding to the bacterial cell wall [8]. The
eventual development of the bacterial resistance against chitosan upon
its increasing use is still to be investigated in details.

Because the peri-implant infections are still a serious issue for the
dental and orthopedic implants, a lot of methods have been explored to
coat implants with chitosan [9]. The different employed techniques are
based on physical/electrostatic adsorption or covalent bonding [10].
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Solution casting is a simple dipping method based on electrostatic in-
teractions between positively charged chitosan and the negative charged
oxide layer on titanium surfaces. It can be improved by surface pre-
treatments of the titanium surface by sandblasting or acid etching to
increase roughness and surface charge. Solution casting is particularly
interesting as it is cheap, fast, and does not require special equipment
[11], but the bonding strength of the coating to the titanium surface is
currently inadequate for clinical applications: a surface chemical treat-
ment able to largely increase the negative surface charge on titanium is
explored in this research to overcome the current limits. The chitosan
can be also deposited on a surface using an electrophoretic process
because the chitosan dispersed into an acidic solution (pH below 6) is
positively charged and attracted to a negatively charged surface through
an electric field [12,13]. This method often includes the blending of the
chitosan with other materials such as CaP (calcium phosphate) for a
better bone integration. The electrophoretic deposition can also be
achieved via a layer-by-layer approach [14] such as by using alginate or
heparin. The electrostatic interactions have been used [15] to attach the
quaternized chitosan on polymers and metals, through its permanent
positively charged ammonium groups, but this process involves different
toxic reagents. Considering that process parameters of the electropho-
retic process strongly affect the final coating, a time-consuming opti-
mization is necessary, which is presently inefficiently accomplished by
trial-and-error methods [16]: this techniques has not been considered
in this research. Since the quaternized chitosan is water-soluble, a
polymerized matrix such as an acrylic acid or multivalent anionic acids
(sodium tripolyphosphate, sodium pyrophosphate, and sodium hexam-
etaphosphate) is needed or a fast release must be expected [15,16].

A coating on a bone implant needs to be firmly bounded in order to
withstand the mechanical forces derived from implant placement and to
secure the implant position during osseointegration. Silanes or covalent
bonding with quaternized chitosan have been used to guarantee a better
attachment of the chitosan to a titanium surface [17,18]. Silanization is
based on the reaction of an amino silane with the titanium oxide layer,
resulting in covalent bonds. In a second step, glutaraldehyde reacts with
the surface-bound silane and simultaneously presents aldehyde groups
for interaction with the chitosan polymer. This process results in
significantly superior bonding strength as compared to solution casting
methods, and allows for direct control of the coating thickness. How-
ever, residual traces of glutaraldehyde could be released during
biodegradation of the coating and damage the surrounding tissue [11].
Following the same principle, dopamine and tresylchloride linkers are
here used instead of an amino silane to covalently bond chitosan coat-
ings to titanium.

The aim of this work is characterize the effects of three different
approaches for attachment of chitosan to polished or chemically pre-
treated titanium alloy and to characterize the resulting coatings. The
selected chemical pre-treatment of the titanium substrate is expected to
enhance the adhesion of the chitosan coating because of both the surface
topography (multiscale micro and nano roughness) and chemistry (high
density of hydroxyl functional groups). Three approaches are used for
forming the chitosan coating: direct grafting (at acidic or neutral pH),
the use of 2,2,2-trifluoroethanesulfonyl chloride (tresyl chloride) to
introduce a good leaving group (surface chemical activation) [19] or
polydopamine as a linker for covalent bonding [20] because polydop-
amine exhibits high reactivity towards the biomolecules containing the
amide, amino, and thiol functional groups.

2. Materials and methods
2.1. Polishing and chemical treatment of the Ti6Al4V substrate

The Ti6Al4V titanium alloy was purchased as cylindrical bar (ASTM
B348, gr5, Titanium Consulting and Trading) and cut into disks (1 cm

diameter and 2 mm thick). The disks were polished using SiC papers,
from 320 to 4000 grit, and subsequently washed in acetone (Supelco)
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and ultrapure water (MilliQ), once for 5 and twice for 10 min, respec-
tively. After drying, they were stored in air. The polished samples are
labelled PT.

The chemically treated substrates were prepared according to an
already published and patented method [21-23]. Briefly, the specimens
were polished as previously described, immersed for 1 min into a diluted
hydrofluoric acid (Sigma Aldrich), washed, and treated for 2 h in a so-
lution of hydrogen peroxide (PanReac) at 60 °C. The oxidation resulted
in a nanoporous oxide layer with violet or green colour. The samples
treated in this way are labelled CT.

2.2. Chitosan coating

The chitosan polymer used in this work was supplied by Genis hf.
(Siglufjordur, Iceland). Acetic acid, hydrochloric acid, PBS, NaOH, tresyl
chloride, dopamine hydrochloride, and tris(thydroxymethyl)amino-
methane (Tris) were obtained from Sigma Aldrich.

2.2.1. Method 1 - direct coating

Two procedures were tested for the direct attachment of chitosan to
the titanium surface: the dissolution of chitosan in acetic acid and the
suspension of chitosan in a neutral phosphate buffered saline.

In the first procedure, 1% w/v chitosan was dissolved in 1% acetic
acid. The chemically treated Ti6Al4V specimens (CT) or the polished
ones (PT) were immersed into the solution for 5 min and then dried
overnight at room temperature in air. The specimens were neutralized in
a solution of 0.25 M NaOH for 0.5 h and then washed with deionized
water (the name of these samples is CT_D_AA and PT_D_AA). In the
second procedure, a 0.5% w/v PBS solution with pH 7.32 was prepared
and stirred overnight with a magnetic stirrer; the concentration of the
solution is limited by the solubility of chitosan at this pH. The CT
specimens were immersed into the suspension for 3 min and then dried
(the name of these samples is CT_D_PBS). The coated samples were
stored in a desiccator.

2.2.2. Method 2 —surface chemical activation through tresyl chloride

Tresyl chloride was used to convert the surface hydroxyl groups of
the chemically treated substrates (CT) into a sulfonyl ester groups that is
as a good leaving group. The CT samples were soaked into tresyl chloride
and stored at 37 °C for 2 days. Subsequently, the samples were washed
with deionized water, a solution of deionized water and acetone (50:50),
and acetone. A suspension of chitosan in PBS was prepared, as described
above, and the CT samples were immersed in the solution for 24 h at
37 °C (the name of these samples is CT_TC_37). After the immersion, the
samples were rinsed three times with deionized water, dried at room
temperature, and stored in a desiccator.

Chitosan dissolved in acetic acid cannot be used to coat tresylated
surfaces. The amino groups on chitosan are protonated in acetic acid and
this prohibits the nucleophilic attack of the amino functional group
necessary to displace the tresyl leaving group and to form a bond with
the surface.

2.2.3. Method 3 - polydopamine treatment

Polydopamine is spontaneously formed by the pH-induced oxidative
polymerization of the dopamine hydrochloride in an alkaline solution
(pH > 7.5). 2 mg/ml of dopamine hydrochloride were dissolved into a
10 mM Tris solution and pH adjusted to 8.52 with HCL. The CT samples
were soaked in the dopamine hydrochloride solution for 4 h at room
temperature with continuous stirring. They were rinsed with deionized
water and dried at room temperature. 0.5% w/v chitosan was dispersed
in deionized water and the polydopamine coated samples were incu-
bated in this solution for 24 h at room temperature with stirring. The
name of these samples is CT_PD_W. In this case, chitosan was dispersed
in water in order to preserve the pre-coating with polydopamine.

Chitosan dissolved in acetic acid cannot be used to coat polydop-
amine modified surfaces. Acidic conditions inactivate the chitosan
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amino functional groups with respect to bond-forming with the poly-
dopamine functional groups.

2.3. Characterization methods

A Supra 25 FE-SEM, Zeiss was used for Scanning electron microscopy
(SEM) observation of the as prepared samples. A JCM-6000PLUS, JEOL
was used for SEM observation of the coated samples after the tape test.
Prior to the observation, the samples were gold coated in a sputter coater
S150B (Edwards). The surface morphology was visualized with the SEM
and image analysis (Image J - Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA) was used to quantify the
degree of the surface coverage by the chitosan coating.

An atomic force microscope (AFM) XE-100 from Park Systems was
used in the non-contact mode. The scan sizes were 1 x 1 pm2?and 5 x 5
um?2. The software Gwyddion [24] was used to extract topographical
information from the AFM images. The roughness was measured on 1
pm x 1 pm AFM images.

The IR spectra were measured by ATR/IR, Nicolet iZ10 MX/micro-
scopic IR, Nicolet iN10 MX (Thermo Scientific). Measurement was
conducted in ATR mode between 400 and 4000 cm ™ with 32 mea-
surement cycles.

Zeta potential titration curves as a function of pH were obtained by
means of electrokinetic measurements (SurPASS, Anton Paar). Two
samples were positioned face to face (into an adjustable gap cell) at the
distance of 100 ym and a 0.001 M KCl electrolyte solution (starting pH
around 5.6) was fluxed between the surfaces. The pH was varied by
addition of 0.05 M HCl or 0.05 M NaOH. 4 measurements were acquired
for each pH value. The acidic and basic ranges were measured through
two separate measurements both starting from pH 5.6. The measure-
ment in the acidic range was not possible on the coated samples because
of swelling of chitosan, as expected.

The tape test was performed according to ASTM D3359-17 [25] in
order to measure the adhesion of the coatings to the substrates. A grid of
parallel cuts was obtained on each sample by a cutter, the surface was
gently cleaned with a brush, the tape was positioned on all the surfaces
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and removed to test the coating adhesion. The surface was then visually
inspected by SEM and optical microscopy and compared with the
reference schemes reported in the standard, to estimate the coating
removal within the areas delimited by the grid.

2.4. Stability in PBS

Selected samples were incubated in PBS for 2 weeks at 37 °C in order
to test the stability of the coatings in an environment close to the
physiological pH. The samples were subsequently characterized by SEM.
The incubated samples are labelled as CT_D_AA_2w, CT-TC_37_2w, and
CT_PD_W-2w.

3. Results
3.1. The surface of the substrates

The chemically treated Ti6Al4V (CT) is characterized by SEM and
AFM. Fig. 1 shows the SEM images of the chemically treated surface,
exposing a titanium oxide layer with a multiscale roughness, as observed
earlier [22]: the micro scale roughness is due to the acid etching, while
the nanoporosity is due to the following oxidation process in hydrogen
peroxide. The 2D and 3D representations of the AFM acquisitions are
reported in Fig. 1. The mean roughness (S,) of the CT surface is 17.9 nm.

The polished substrate (PT) has a conventional grooved surface due
to the mechanical polishing (images not reported); the roughness pa-
rameters measured through AFM are reported in Table 1.

All these data concerning the substrates are useful for a comparison
with the coated surfaces (data reported in Table 1 and Fig. 2-3).

3.2. Coating results

3.2.1. Morphology and topography of the coatings (SEM and AFM)

Fig. 2a-h shows a comparison of the surfaces obtained through the
different coating methods of the CT substrate at two magnifications. The
appearance of the coated polished substrate (PT_D_AA) is analogous to

0.07 ym

-0.06 pm

Fig. 1. The chemically treated CT surface (substrate). Top: SEM images at different enlargements. Bottom left: AFM 2D image. Bottom right: 3D-view of the AFM

data, note that the Z-axis is expanded 4-fold.
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Table 1
Roughness parameters of the substrates and coated samples. The data were
collected on a 1 x 1 micron area.

Sa Sq

[nm] [nm]
PT 5.5 6.9
CT 17.9 21.7
CT_D_AA 1.6 2.0
CT_D_PBS 8.1 10.2
CT_TC_37 21.4 26.2
CT_PD_W 14.2 16.8

CT_D_AA and it is not reported. The comparison of Figs. 1 and 2 evi-
dences a clear change of the surface morphology of the CT substrate after
the chitosan coating. The CT peculiar micro and nanosurface texture is
no more visible where there is the chitosan coating. Because of this, it is
easy to calculate the degree of surface coverage from the SEM images;
the percentage of covered surface is also reported in the figure near the
name of the samples.

The data reveal a high variation in the percentage of the coated

a) CT_D_AA (100%)

¢) CT_D_PBS (41%)

b) CT_TC_37 (72%) d) CT_PD_W (65%)

Surface & Coatings Technology 441 (2022) 128571

surface depending on the used coating method. The best result, con-
cerning the degree of coverage, is obtained with the direct coating
(CT_D_AA, PT D_AA, coverage 100%). The coating on CT D_AA
completely covers the surface and the topography of the titanium oxide
layer is not observable even at higher magnifications (Fig. 2e); PT_D_AA
looks similar. The coverage is lower in the case of the surface chemical
activation (CT_TC_37, coverage 72%) and the use of a linker molecule
(CT_PD_W, coverage 65%). The lowest degree of coverage is that of the
samples obtained by direct coating at neutral pH (CT_D_PBS, coverage
41%).

Looking at larger magnification at the samples, a fibrous appearance
of the coating is evident on CT_PD_W, CT_TC_37, and CT_D_PBS (Fig. 2f-
h). Some uncoated areas are also clearly visible on these samples. The
chitosan coating on CT_D_AA has a different appearance and it is quite
smooth (Fig. 2e). This difference with respect to the other coatings
(which are fibrous), is attributable to the higher solubility of the chi-
tosan powder in acetic acid with respect to PBS (as it is used in the
preparation of CT_TC_37 and CT_D_PBS) or water (as in the case of
CT_PD_W). If the pH is not as low as it is in acetic acid, a suspension of
chitosan is obtained rather than a solution, as expected, and it results in

) CT_D_AA g) CT_D_PBS

f) CT_TC_37

Fig. 2. SEM images showing the chitosan coated Ti6Al4V surfaces. The percentage of surface covered with chitosan is given near the name of the sample. Images e-h

are larger magnification pictures.

CT_D_AA (100%) CT_D_PBS (41%)

CT_TC_37 (72%) CT_PD_W (65%)

0.12pm

017 pm

T 115em

g

2

sssbkanas

Fig. 3. 3D (with an enlarged vertical scale for a better visualization) and 2D representations of the AFM data of the samples CT_D_AA, CT_D_PBS, CT_TC_37,

CT_PD_W. The percentage of surface covering is reported for each sample.
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a fibrous appearance of the coating.

Table 1 reports semi-quantitative roughness data (Sa and Sq) ob-
tained on the different samples by AFM. Fig. 3 shows 3D (with an
enlarged vertical scale for a better visualization) and 2D representations
of the AFM data. Both the substrates (PT and CT) have low roughness; it
is expected to be larger on CT because of the chemical treatment. It is
evident that the chitosan coating induces a very smooth surface with
roughness around 2 nm (on the measured area). CT_D_AA has the
smoothest surface among the tested samples in agreement with a com-
plete covering of the topography of the substrate and evident lower
roughness parameters respect to the substrate (CT). The roughness pa-
rameters obtained on the other samples are higher and affected by the
partially uncoated surface areas. The inhomogeneity of the coatings in
CT_D_PBS, CT_TC_37 and CT_PD_W does not allow AFM images repre-
sentative of a large area to be collected as the height differences are out
of the range of the instrument. Considering that a Sq/Sa ratio of 1.25 is
expected for a Gaussian profile, it can be noted that this is the case of the
PT and CT_D_AA samples, while the real Sq values are slightly lower than
what is expected for a Gaussian profile in the case of the CT substrate
and the partially coated samples. This is in agreement with the presence
of nanosized pores on CT and on the CT samples with a partial covering
of the surface by the coating.

3.2.2. FT-IR analysis

FT-IR analysis is performed in order to check if the applied process
affects the surface chemistry of the coatings; one coating for each pro-
cess has been analysed. It must be remembered that this analysis does
not average the signal from a wide area and it can be different from point
to point: it cannot be used to quantify the degree of surface coverage by
the coating.

No signal is detected on PT samples, as expected. The reference
spectrum of CT is reported in [23]: a broad signal centred at 3400 cm ™!
due to the presence of -OH groups in the surface oxide layer formed
during the chemical treatment is registered. The FT-IR spectrum of
chitosan is largely reported in literature and generally shows the
vibrational patterns typical of polysaccharides [26,27]. Starting from
this literature, the following characterizing peaks can be assigned: the
peak due to -C=0 vibration at 1653 cm ™}, the peak due to bending of the
-NH, group at 1560 cm ™!, and the broad band centred at 3400 cm ™ due
to axial stretching of -OH groups. A contribution to the peak related to
the -OH groups comes also from the chemically treated substrate. A
sharp peak at 2900 cm ™! is due to axial deformation of -CH,- from the
glucosamine unit structure. The three peaks at 1420-1320 cm ™! are due

Relative Transmittance
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to -CHs bending vibrations and the one at 1100 cm ™! to -C-O-. At 945
em™! a small peak is due to -C-O-C- stretching and it is typical of
polysaccharides.

All the expected peaks (-OH and -C=O stretching, -NH; bending) are
detected on the CT_D_AA and CT_D_PBS samples (Fig. 4); when chitosan
is dissolved in acetic acid during the coating process, the characteristic
peaks are more intense in the coating, in agreement with the higher
surface coverage of this sample. The peak around 2250 cm™! in the
CT_D_AA spectrum is an interference effect, not related to functional
groups in the sample.

Analysing the FT-IR spectra of samples treated with tresyl chloride
(CT_TC_37) or polydopamine (CT_PD_W), all the characterizing peaks of
chitosan can be evidenced, but not as intense as they are on CT_D_AA.
This observation agrees with the lower coverage degree measured by
image analysis of the SEM pictures.

3.2.3. Zeta potential titration curves

Zeta potential titration curves allow to measure the IsoElectric Point
(IEP) of the different surfaces, as reported in Fig. 5. These measurements
can be used to estimate the presence of the coating assuming that the
more the IEP is similar to the one of chitosan (IEP 6-8) [28], the more
uniformly coated is the surface. According to the results obtained by
SEM and AFM, the CT_D_PBS sample was not tested through this tech-
nique because of the low degree of surface covering by the coating.

Zeta potential of polished (PT) and chemically treated (CT) Ti6Al4V
are reported as reference. Polished Ti6Al4V (PT) shows an isoelectric
point at pH 4.7, that is what is expected for a surface almost free of
surface functional groups. The chemically treated sample has a shift of
the isoelectric point to more acidic values (by interpolation it is set
around pH 2 - Fig. 5) and a plateau in the basic region (onset at pH 4.5)
[29]. Both things evidence the presence of acidic -OH groups on the
surface of the chemically treated substrate which act as a strong acid in
contact with a solution, cause a shift of the IEP, and are completely
deprotonated at pH above 4.5. The standard deviation values registered
on PT and CT are around 10 mV, as expected for a metal surface
measured through an electrokinetic measurement as a result of surface
conductivity [30].

As it can be seen in the table reported in Fig. 5, the different coating
procedures result in different zeta potential titration curves. The zeta
potential of chitosan at acidic pH is expected to be significantly positive
due to the protonation of the amino groups in the chain. In the case of
chitosan, the IEP is the pH value at which there is an equilibrium of
opposite charges and a balance between deprotonated and protonated

— CT_PD_W
CT_D_AA
CT_D_PBS.
cT_TC_37

1|

!

4000 3800 3600 3400 3200 3000 2800 2600 2400

2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumbers [1/cm]

Fig. 4. FTIR spectra of the coated samples: CT_D_AA, CT_D_PBS; CT_TC_37, CT_PD_W.
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PT — T

- CT_TC_37 — CT_PD_W

40

20

-20

Zeta Potential (mV)

SAMPLE IEP
PT 4.7
CcT =2.0

PT_D_AA 9.5
CT_D_AA 8.5
cT.TC 37 |82

Acid titration <«————»  Basic titration

CT_PD_W 73

2 3 4 5 6
pH

Fig. 5. Zeta potential titration curves of the samples polished (PT), chemically treated (CT), and coated with chitosan (PT_D_AA, CT_D_AA, CT_D_TC_37, CT_PD_W).

functional groups: IEP at pH as high as 8 indicates a clear prevalence of
strong basic functional groups on the surface, attributable to a large
surface covering by chitosan and to a great number of -NH3 function-
alities at the surface of the chitosan coating.

Considering that the PT and CT substrates have a low isoelectric
point, a shift of the IEP of the coated samples towards higher pH values is
related to a higher degree of covering of the surface by the coating.
Comparing the obtained values of IEPs, it can be deduced that the
coating of chitosan covers the substrate with an increasing degree
moving from CT_PD_W (the lowest covering) to CT_TC_37, and then to
PT_D_AA and CT_D_AA which have the highest covering. These results
agree with the SEM observations. This suggests that amino groups are
protonated when the coating procedure is performed in acetic acid and
contribute to a strong attraction of the coating to the negative charged
CT substrate.

As comparison, Amaral et al. [31] measured the zeta potential for
chitosan with different degree of deacetylation (DDA), finding that the
50% DDA form has a zeta potential value around 15 mV at pH 5.5. It is
evident in Fig. 5 that the samples with a zeta potential value much closer
to the value measured by Amaral are the samples coated with chitosan
dissolved in acetic acid (16 mV), while for the other samples the zeta
potential is lower (6 mV for CT_TC_37; 7 mV for CT_PD_W).

A plateau is always observable on the coated samples between pH 5.5
and 6 related, as expected, to the strong basic amino groups which are
completely protonated at pH lower than 6. A plateau is also observable
in the curves of the coated samples around pH 9 and it can be ascribed to
-OH groups of chitosan which are completely deprotonated only at pH
higher than 9.

As last, it can be observed that all the curves of the coatings formed
on a CT substrate have a very low standard deviation (1-2 mV): this
reveals that these coatings are chemically very stable in the tested pH
range (pH 5-9.5). On the other side, it can be noted that the PT_D_AA
sample has very high standard deviation (up to 25 mV): this sample
shows a high surface coverage by the coating, but it can be assumed to be
chemically/mechanically instable and the coating is detached during
the zeta potential titration because of the flux of the electrolyte.

3.2.4. Tape test

This test is performed to evaluate the mechanical adhesion of the
coating to the substrate on the PT_D_AA, CT_D_AA, and CT_TC_37 sam-
ples according to the previous results; CT_D_PBS and CT_PD_W are not
considered because of the low fraction of covered surface by the coating.

The classification of the coating adhesion on the basis of the tape test is
based on the observation of the surface after the test. Due to the trans-
parency of chitosan, it is rather difficult to assign a classification value to
the coated samples by visual observation and the samples were observed
by SEM (Fig. 6). In the case of CT_D_AA, classification is 5B (ASTM
Standard) with no observed removal of the coating in the areas
delimited by the grid. In the case of the chitosan coating on the samples
activated by tresyl chloride (CT_TC_37), the classification is OB because
the uncoated area after the test is 83%. In the case of PT_D_AA, the
coating was completely removed by the tape during the test apart from a
very small area on the edge of the sample (Fig. 6). The larger adhesion of
the chitosan coating on the CT substrate (registered on CT_D_AA) can be
related both to the multiscale roughness of the etched surface and to the
electrostatic attraction between the negative charged titanium oxide
layer and the -NH3 groups of chitosan during the coating formation in an
acidic environment. Such a strong adhesion does not occur on PT_D_AA
and CT_TC_37 because in the first case the substrate has neither a porous
morphology nor functional groups negatively charged and, in the second
case, the coating formation occurred in a neutral environment.

3.2.5. Stability in PBS at 37 °C for 2 weeks

A first evaluation of stability of the coatings in a relevant environ-
ment has been performed through soaking in PBS for 2 weeks. The
samples with higher degree of surface coverage and mechanical stability
have been selected for this test, according to the previous results.

The samples are characterized after soaking through SEM observa-
tion and FTIR spectra: the results are reported in Figs. 7-8. No relevant
change was detected by comparing the as-prepared coatings with the
soaked ones in terms of percentage of the surface area covered by the
coatings and functional groups exposed. The tested coating procedures
reveal to produce stable coatings at physiological pH. A further char-
acterization will include increasingly complex environments containing
proteins, cells of different types, inflammatory conditions, and simu-
lated infection risk.

4. Discussion

A chitosan coating on a titanium alloy can induce benefits in terms of
the biological response, coupled to the good mechanical resistance and
Young's modulus of the substrate, in view of an application in a
biomedical implant. Even if this type of coating has been already
investigated in literature [32], stability of the coating to the titanium
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Fig. 6. SEM observation of the CT_D_AA (a), CT_TC_37 (b) and (c) PT_D_AA samples after the tape test.
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Fig. 7. SEM observations of the samples soaked for 2 weeks in PBS solution: CT_D_AA_2w, CT_TC_37_2w, CT_PD_W_2w.

substrate is not satisfactory without the use of potentially toxic linkers,
yet. Different methods of coating (dissolution of chitosan in acetic acid
or prepared with PBS, use of a good leaving group or a linker) and
different surface finishing of the substrate (PT and CT) are here tested in
order to screen the best ones. Three main coating procedures are
applied.

In the first procedure, chitosan is prepared into two solutions, acetic
acid and PBS. The chitosan used in this research resulted to be differ-
ently soluble in the different solvents used: it can be completely dis-
solved in acetic acid solution, while a suspension was obtained in PBS at
pH 7.2-7.4. This pH is not far from the expected IEP of chitosan, while
chitosan is supposed to be positively charged in an acidic solution (acetic
acid). The effect of the different charge and dissolution degree of chi-
tosan on the coating procedure can be evaluated by comparing CT_D_AA
and CT_D_PBS. On the other side, the chemically treated Ti used as
substrate (CT) has a very low isoelectric point (pH 2) and it has a
negative charge in neutral and acidic environments. A direct graft of
positively charged chitosan to a negatively charged surface can be ex-
pected in a solution of acetic acid [33]. As reference, a polished Ti
sample (PT) was also coated with chitosan dissolved in acetic acid to
investigate the effect of the substrate surface by comparing CT_D_AA and
PT_D_AA. This comparison reveals a good degree of surface coverage in
both cases and formation of a smooth surface because of the high
dissolution degree of chitosan in the acetic acid. On the other side, there
is a strong effect of the substrate surface topography and chemistry on
the mechanical and chemical stability of the coating. In fact, it is easily
detached in the tape test and it is instable during a zeta potential titra-
tion curve in the case of PT_D_AA. On the contrary, both nano sized
porosity and presence of deprotonated hydroxyl functional groups have
a role in the achievement of a stable coating on CT_D_AA. The com-
parison between CT_D_AA and CT_D_PBS confirms the positive role of a
high solubility of chitosan in the solution used for the coating and of an
electrostatic attraction between the coating and substrate for a good
adhesion. The coating has a fibrous appearance, smaller surface
coverage, and lower mechanical adhesion in the case of CT_D_PBS.

The second and third procedures were selected in order to get a co-
valent bonding of the coating with the substrate avoiding the use of any

toxic compound such as glutharaldehyde. The second procedure in-
volves an activation of the CT titanium surface with tresyl chloride, as
performed by Hayakawa et al. [34], and then functionalization with
chitosan suspended in PBS at 37 °C (for a higher reactivity of tresyl
chloride). Tresyl chloride is used as a leaving group to enhance the
adhesion of the coating at pH 7.4 and it is expected to be removed during
the coating procedure with chitosan. This procedure (CT_TC_37) results
in a higher degree of surface coverage with respect to direct coating at
the same pH (pH 7.4 - CT_D_PBS) revealing a positive outcome of acti-
vation through the leaving group, but it is not as effective as the elec-
trostatic attraction obtained through the direct link at acidic pH is
(CT_D_AA) in terms of coverage of the surface and mechanical stability
of the interface.

In the third procedure, the substrate is coated with polydopamine as
described by Messersmith et al. in his study on mussel-inspired func-
tionalization technique and other research works [20,35-38]. In this
case, the presence of polydopamine as a linker is expected. This pro-
cedure results in a larger surface coverage with respect to direct coating
at the same pH (pH 7.4 - CT_D_PBS), but in a lower enhancement of
coating efficacy with respect to the use of a good leaving groups
(CT_TC_37).

The realised coatings reveal a good stability at physiological pH for 2
weeks. Further work will be needed to explore the biological response of
the coatings in a much more complex environments including proteins,
different type of cells, bacteria, and inflammatory conditions. Several
variable factors must be considered in terms of degree of deacetylation
and molecular weight of the chitosan used for the coating starting from
the already acquired results obtained on the selected type of chitosan in
form of scaffold or membrane [2,39].

5. Conclusions

Different strategies have been followed to get a continuos and stable
coating of chitosan on a titanium substrate: direct coating at different
pH, covalent bonding through a good leaving group or a linker molecule.
Two types of surface finishing of the titanium substrate are compared: a
polished and a chemically treated one. The best result is obtained by
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g direct coating at acidic pH on a pre-treated titanium substrate because of
N nano sized porosity of the substrate and strong electrostatic attraction
between the positively charged chitosan and deprotonated hydroxyl
|8 groups of the substrate. The obtained coating fully covers the substrate

and it is mechanically and chemically stable. A direct grafting of chi-
! tosan obtained from food production byproducts (shrimp shells) allows
. 1% the development of a natural coating, without the employment of syn-
thetic linkers, with a sustainable and green approach.
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