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Abstract

This paper describes the protection of magnesium AZ31 alloy sheets in a simulated
body fluid (SBF) medium provided by chitosan coatings. It demonstrates, by means of
potentiodynamic polarization curves and electrochemical impedance spectroscopy, that
chitosan coatings with a crosslinking degree of up to 42% are efficient in protecting the
alloy in SBF, with a performance superior to similar coatings reported in the literature.
With higher crosslinking degrees the coating becomes brittle and susceptible to cracks,
decreasing its protective properties. The hydrogen evolution rate observed for the best
coating complies with the acceptance level and further demonstrates its potential to

control the degradation of magnesium alloy implants.
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1. Introduction

The development of environment-friendly coatings and inhibitors to control the
corrosion of metallic materials is of great relevance in modern society. Costs associated
with corrosion have a considerable impact on the economy of developed countries, and
traditional corrosion inhibition methods are subject to legal restrictions [1]. Thus, the
development of new effective anti-corrosion methods, based on natural or
biodegradable chemicals, is receiving increasing interest. Recent reports in the literature
verify the potential of natural chemicals, such as phytic acid [2, 3], vanillic acid [4] and
stearic acid [5], and of natural polysaccharides, such as gum arabic [6], konjac-
glucomannan [7], alginate [8], pectins [9, 10] and chitosan [11, 12] to act as corrosion
inhibitors and as protective coatings for different metals. Chitosan is notably the most

studied and promising of the above-mentioned polysaccharides.

Chitosan coatings have been applied to stainless steels [13-15], titanium alloys
[16, 17], aluminum alloys [18] and magnesium alloys [19] among other materials. The
influence of different parameters on the protective properties of these coatings is
described in detail in the literature. Heise et al. [20], for instance, reported the positive
effect of the pre-treatment of the magnesium alloy WE43 with Dulbecco’s modified
Eagle’s medium on the protective properties of chitosan/bioactive-glass coatings
prepared by electrophoretic deposition. In a study by Bai et al. [21], it was shown that
the performance of chitosan coatings on a Mg-Zn-Ca magnesium alloy is considerably
improved by a previous micro-arc oxidation process. Chitosan has also been chemically
functionalized in order to increase its hydrophobic character [22]. In this cited study,
chitosan was functionalized with poly(ethylene-al/t-maleic anhydride) and poly(maleic
anhydride-alt-1-octadecene) to form a protective coating with a hydrophobic surface on

the aluminum alloy AA2024.

The literature also reports studies in which chitosan was combined with other
polymers, such as cellulose acetate [13], collagen [23], alginate [24] and mussel
adhesive proteins [25], to form multilayer coatings for the corrosion protection of
different metals. Interestingly, the effect of crosslinking has not received much
attention. Sugama & Cook [26] investigated the effect of chitosan crosslinking with
poly(itaconic acid) on its protective properties as a coating on aluminum substrates

Pozzo et al. [12] reported the protective properties of chitosan coatings crosslinked with
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genipin on AZ31 magnesium alloys. It was showed that, for corrosion tests performed
with 3.5 wt.% NaCl solutions, the level of protection provided by the coatings increases

with the crosslinking degree.

Magnesium alloys are the lightest of the metallic materials that have been coated
with chitosan and they present several interesting properties for automotive and
biomedical applications. The strength-to-weight ratio of these alloys makes them
suitable to replace steels and aluminum in vehicles, resulting in a considerable weight
reduction and consequently reducing the fuel consumption [27]. Many different
corrosion protection methods, from alloy design [28, 29] to the application of coatings
[30-35], have been developed to improve the corrosion resistance of magnesium alloys

and enhance their applicability.

From a biomedical point of view, magnesium and many of its alloys are very
interesting materials, since they can be used for the fabrication of bioresorbable
implants, in the form of screws for bone fixation and stents for vessel dilatation, due to
their biodegradability and non-toxicity [36, 37]. Nevertheless, the temporary implant
degradation must take place at a rate that allows the tissue recovery and avoids a high
concentration of corrosion products in a given area, since this may cause inflammation
[36]. Thus, it is necessary to cover the implants with biocompatible, bioabsorbable and

biodegradable coatings.

The aim of this study was to investigate the influence of the crosslinking degree
of chitosan coatings, crosslinked with genipin, on the corrosion protection of the
magnesium alloy AZ31 in a simulated body fluid (SBF) medium. This alloy was
selected due to the interesting results obtained in in vivo and in vitro tests on AZ31
implants [37-38]. The hypothesis under investigation is that the crosslinking of chitosan
with genipin is an effective way to improve the anticorrosion properties of chitosan
coatings in SBF. The effect of the different ions present in the SBF is discussed in
detail, based on results obtained by potentiodynamic polarization and electrochemical

impedance spectroscopy (EIS).

2. Materials and methods
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2.1 Materials

The sheets of the AZ31 magnesium alloy used in this study have the dimensions
of 5.0 x 2.0 x 0.2 cm and the following chemical composition in wt.%: Al 2.97; Zn
0.85; Mn 0.24; Si 0.02; Fe 0.03; Cu, Ca and Ni < 0.01; and Mg = Bal. Chitosan,
(average molecular weight of 161,000 g mol-! and degree of deacetylation of 75-85%),
sodium hydroxide and acetic acid were obtained from Sigma Aldrich, whereas genipin
(98% purity) was obtained from Challenge Bioproducts, Taiwan. All chemicals were

used without further purification.

2.2 Methods

2.2.1 Preparation of coatings

The coatings were prepared as described in a previous publication of the authors
[12]. In short, a previously ground (1200-grit paper) and NaOH treated sheet (2.0 mol L-
I'at 90°C under mechanical stirring for 24 h) was dip coated with chitosan solutions (2.0
wt.%) in 0.5% of acetic acid in water, containing 0, 1, 3 or 6 mmol of genipin per mol
of repeat unit. Then, the coatings were dried at room temperature for 24 h and under
vacuum at 100 °C for 3 h. The final dry thickness of the coatings were in the order of 4-
6 um, as determined using a coating thickness gauge. The as-received, ground and
NaOH treated samples were denoted as AZ31, AZ31Gr and AZ31T, respectively. The
samples coated with neat chitosan and chitosan crosslinked with 1, 3 and 6 mmol of

genipin were denoted as AZ31Q, AZ31G1, AZ31G3 and AZ31G6, respectively.

2.2.2 Electrochemical analysis

Electrochemical impedance spectroscopy (EIS) was performed using a three
electrode cell (graphite rod as the auxiliary electrode, Ag/AgCl (saturated KCl) as the
reference electrode and the sample as the working electrode) with the potentiostat
PalmSens 3. After 30 min of open circuit potential (OCP) stabilization, a sinusoidal
perturbation of 10 mV, in relation to OCP, was applied to the working electrode, in a
frequency range from 100 kHz to 10 mHz. An area of approximately 1.0 cm? was

exposed to a simulated body fluid (SBF) with the following composition in g L-!: NaCl

4
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8.00, KCI 0.40, CaCl, 0.14, MgS0,4.7H,0 0.20, Na,HPO,4. 12H,0 0.12, KH,PO, 0.06,
NaHCO; 0.25 and d-glucose 1.0, at a pH of 7.4. Two measurements were performed for
each sample. The impedance spectra were fitted using equivalent circuits (given in Fig.
3), in which pure capacitors were replaced by constant-phase elements (CPE). The
software used for the fitting was EISSAL.

The potentiodynamic polarization experiments were performed for qualitative
purposes using the same system and electrolyte described above. A scan rate of 0.1 mV
s, from -250 mV to 500 mV in relation to the OCP, was applied to the working
electrode, after a period of 30 min for system stabilization. The current limit was set at

10 mA. Four measurements were performed for each sample.

2.2.3 Hydrogen evolution

The rate of hydrogen evolution was measured for selected samples using the
traditional setup comprised of a beaker, a funnel and a burette, as described elsewhere
[39]. The selected samples were mounted in an epoxy resin to control the exposure area
(approximately 5 cm?). The samples were exposed to 100 mL of SBF at room
temperature, for 7 days, and the volume of gas evolved was measured each day. Three

samples were measured for each treatment condition.

2.2. 4 Ninhydrin assay

To investigate whether the SBF would react with the coatings and change their
crosslinking degree, free-standing films of neat chitosan (QT) and of chitosan
crosslinked with 1 (QTG1), 3 (QTG3) and 6 (QTG6) mmol of genipin were prepared.
The percentage of free amine (FA) in the films, before and after immersion in SBF, was
determined by means of ninhydrin assays, as described by Yuan et al. [40]. Samples of
the films were cryogenically triturated, dried in a vacuum oven, and a mass of 1.6 mg
was then added to a ninhydrin aqueous solution containing SnCl, and glycol ethylene.
The mixture was stirred at 100 °C for 20 min for the reaction of the ninhydrin with the
amino groups of chitosan to take place, forming a soluble compound which presents a
strong absorption at 570 nm. The concentration of free amine (FA) was determined by
optical absorbance, at 570 nm, on a spectrophotometer (model Nova 1800 UV). The

percentage of free amine (FA) was calculated as the absorbance of the solution after the
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ninhydrin reaction with the crosslinked film (A.), and the absorbance of the solution
after the ninhydrin reaction with the neat chitosan film (Ay):

Ac

FA= (A—N)xloO

Three measurements were performed for each sample.

2.2.5 Scanning electron microscopy (SEM)

The morphology of the surface of the coated AZ31 sheets and of the free-standing
films cross-section were investigated by scanning electron microscopy, using a Jeol
microscope (model JSM-6390LV) with an accelerating voltage of 8kV. For the
acquisition of the cross-section images, the films were cryogenically broken in liquid

nitrogen. All samples were gold sputtered prior to analysis.
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3. Results and Discussion

3.1 Coating characterization
As shown in details in a previous publication, chitosan reacts with genipin
forming an amide and a cyclic amine group (Figure 1) [12]. This reaction results in a
change in the coating color, from pale yellow to deep blue, as well as in changes in the
ratio of the amide (1643 cm!) and amine (1546 cm™!) band heights, in the FTIR spectra,
and in the area of the nitrogen 1s binding energy of amines (399.5 eV) and of
protonated amine (400.8 eV), in the XPS spectra [12]. All coatings show good adhesion

to the substrate.

Figure 1: Schematic representation of the chemical structure of chitosan crosslinked

with genipin.

In Table 1 it is shown the results of the ninhydrin assay for the prepared films. It
can be observed that the percentage of free amine decreases as the amount of added
genipin increases, as expected. The crosslinking degree, calculated as

CD =100% - FA, varied from 42 to 64%.



1 Table 1. Degree of free amine and of crosslinking according to the ninhydrin assay.

Sample FA (%) Crosslinking
degree (%)
QTG1 58+4 42+4
QTG3 48 +2 52+2
QTG6 36+3 64+3

3.2Polarization and EIS

w

The results of the potentiodynamic polarization are shown in Figure 2. It can be
observed that the curves obtained for the coated samples are shifted to lower currents
and less negative potentials, in relation to AZ31Gr, indicating a decrease in the
thermodynamic tendency for corrosion and in the kinetics of the process. In terms of the

shape of the curves, the most significant difference can be observed in the anodic

NV 0 N o B~

branches. AZ31Gr shows metal dissolution at the corrosion potential, whereas the
10  coated samples present anodic branches with higher slopes. This result suggests that the
11 presence of the coatings inhibits the anodic process, but has insignificant influence on

12 the cathodic one.
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15 Figure 2: Potentiodynamic polarization curves for the samples after 30 min of exposure to SBF.
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Figure 3 shows the impedance spectra for the samples after 1 and 31 days of
exposure to the SBF. The spectra were fitted using the circuit models shown in Figures
4a and 4b. The results obtained for the resistance of the chitosan coating (Rcoating), the
magnesium hydroxide layer (Ryigr), the charge transfer process (R.) and the capacitance
of the chitosan coating (CPEcoaing) are shown in Figures 4c to 4f. It can be observed in
Figure 2a that the samples AZ31G1 and AZ31Q present the highest impedance over the
entire frequency range, reaching values of the order of 10°Q cm? at low frequencies.
After 31 days of exposure, these samples still present impedances in this order of
magnitude, at low frequencies, providing the best corrosion protection amongst the
samples tested. This impedance value is higher than those reported in the literature for
chitosan coatings on pure magnesium and some of its alloys, in SBF medium [19, 25,

44].

These results can be better understood by analyzing how Ryger, Reoating and Ry
change over time (Figures 4c to 4f). The Ry, values show an increasing tendency for
all samples, which suggests the deposition of corrosion products on flaws of the
Mg(OH), layer. The samples AZ31Q and AZ31G1 present the highest Ry, values after
31 days of exposure (of the order of 10*Q cm?), followed by AZ31T. This result can be
attributed to a higher efficiency of the neat chitosan coating and of the coating
crosslinked with 1 mmol of genipin in controlling the arrival of electrolytes to the
Mg(OH), layer, which allows for the homogenous build-up of a layer of corrosion
products underneath the polymer coating. The lower Ry, values observed for AZ31G3
and AZ31G6 from the beginning of the measurements suggests that the Mg(OH), layer
underneath these coatings is damaged, probably due to reactions with the acetic acid
present in the chitosan solutions used for the coating process (in fact, the initial Ry
values observed for AZ31Q, AZ31G1, AZ31G3 and AZ31G6 are lower than that for
AZ3I1T, corroborating this assumption). This also indicates that the coatings crosslinked
with 3 mmol and 6 mmol of genipin are less efficient in controlling the diffusion of the

electrolyte.

The samples AZ31Q and AZ31Gl1 also present the highest Regaiing values (of the
order of 10°Q cm?) corroborating the conclusion that the neat chitosan coating and the

chitosan coating crosslinked with 1 mmol of genipin have the best barrier properties.
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The Reoating values increase during the measurement, which is related to the occurrence

of further crosslinking in the coating, due to the presence of bivalent cations in the SBF

solution (described in detail in the next section). In fact, the literature reports that

chitosan can be crosslinked by bivalent cations such as Mg?* and Ca?', present in the

SBF [33]. The samples AZ31G3 and AZ31G6 show the lowest Rcqaing values, indicating

low barrier properties for these coatings. On comparing the values for Rygr, Reoating and

R shown in Figures 4c to 4e, it can be concluded that the high impedance observed in

Figure 3 for AZ31Q and AZ31Gl1, is mainly related to the barrier properties of their

chitosan coating.
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Figure 3: Impedance spectra obtained for the samples after 1 and after 31 days of exposure to
the SBF medium: (a) Bode and phase - day 1; (b) Nyquist plot - day 1; (c) Bode and phase - day
31; (d) Nyquist plot — day 31.

Additionally, Figure 3a shows the presence of three time constants in the phase
angle (described in the circuit models with constant phase elements, CPEs), which are
attributed to the chitosan coating (CPE yaiing), the magnesium hydroxide layer (CPEygr)
and the electric double layer (CPEp; ). Figure 4f shows that, for all samples, the values
of CPEcoaing do not increase regularly over time, but an increase is observed after 31

days in comparison to the initial value. The impedance of the protective polymer

11
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coatings is expected to increase during their exposure to a corrosive solution as a
consequence of the uptake of electrolytes, which have a much greater dielectric constant
than the polymeric film. As shown in Figure 4f, the samples AZ31G1 and AZ31Q
present the highest CPE4ing values, a result that is related to the higher ionic absorption

of their coatings, due to the occurrence of crosslinking.
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Figure 4: (a) Equivalent circuit used to fit EIS data for AZ31 T. (b) Equivalent circuit used to fit
EIS data for bi-layered Mg alloys. Evolution of (¢) Ruygr, (d) Reoating, (€) Ree and (f) CPEquing
over time.

3.3 Hydrogen evolution

Figure 5 shows the cumulative hydrogen gas evolution for AZ31Gr, AZ31T and
AZ31Gl1. It can be observed that the coating considerably decreases the hydrogen
evolution rate during the whole period of test. A controlled release of hydrogen is very
important for magnesium implants to avoid the formation of subcutaneous cavities
related to hydrogen gas accumulation [36, 37]. In the study of Song et al. [45] it is
suggested that a hydrogen evolution rate of 0.01 mL cm™ day' is acceptable for
magnesium implants, and different studies have used this value as a reference since

then. As can be seen in Figure 5a, the overall hydrogen evolution rate for AZ31G1

13
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slightly higher rates.
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Figure 4: (a) Hydrogen evolution rate for AZ31Gr, AZ31T and AZ31Gl. (b) Aspect of
AZ31Gr, AZ31T and AZ31G1 samples after seven days of exposure to the SBF.

Additionally, Figure 4b shows the aspect of AZ31Gr, AZ31T and AZ31G1 after
7 days of exposure to the corrosive solution. It can be observed that AZ31Gr and
AZ31T shows uniform and pit corrosion while AZ31G1 shows no signs of corrosive
attack. Furthermore, the lack of blisters in the coating of AZ31G1 indicates a good

adhesion between the chitosan coating and the NaOH treated substrate.

3.4 Crosslinking and morphology

14
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In a previous publication it was reported that the level of protection provided by
chitosan coatings increases with the degree of crosslinking, in corrosion tests performed
with 3.5 wt.% NaCl solution [12]. As mentioned above, this relation was not observed
in the study reported herein, which could be due to the occurrence of interactions
between the SBF and the chitosan coatings that resulted in an increase in the degree of
crosslinking. To test this hypothesis, the ninhydrin test was applied to free-standing
chitosan films prepared in the same way as the coatings, before and after immersion in

SBF. The results are shown in Table 2.

It can be observed that, after the immersion in SBF the overall percentage of free
amine is considerably reduced. Furthermore, the percentage of free amine does not
follow a regular trend according to the initial crosslinking degree. This change in the
percentage of free amine confirms that the exposure to SBF increases the crosslinking
degree of the chitosan films. This conclusion is further corroborated by the fact that,
after the immersion of the films in the 3.5 wt.% NaCl aqueous solution, a much lower
decrease in the percentage of free amine is observed (for QTG1 and QTG6 the

differences are within the standard deviation) and the initial order is preserved.

Thus, considering the results obtained with the electrochemical
characterizations, it can be concluded that, under the conditions reported herein,
chitosan coatings must be either neat (not crosslinked) or have an initial crosslinking
degree of up to 42% (which corresponds to an initial degree of free amine of 58%) to
provide good anticorrosive properties for magnesium alloys in SBF. A possible
explanation for this result is that a crosslinking degree of up to 42% results in chitosan
coatings with higher Rioing values and, consequently, with better anticorrosive
properties. However, at higher crosslinking degrees the coatings may become brittle and

susceptible to the formation of cracks [46, 47].

To investigate whether the inferior performance of the sample AZ31G6 could be
related to the presence of cracks on the coatings, the morphology of this sample surface
was investigated by means of SEM. Figure 5 shows micrographs of the surfaces of the
samples AZ31Q and AZ31G6 after the corrosion tests. It can be observed that the area
of AZ31G6 which was exposed to the corrosive solution presents cracks, whereas no

cracks are observed on the exposed area of AZ31Q. This result corroborates the

15



conclusion that the inferior level of protection offered by the coating crosslinked with 6

mmol of genipin is related to the coating fragility.

Table 2. Degree of free amine in the films before and after immersion in SBF and in a 3.5%

NaCl solution.

Sample  FA before swelling FA after swelling FA after swelling in
(%) in SBF (%) 3.5wt.% NaCl (%)
QTG1 58+4 27+3 50+2
QTG3 48 £2 32+£2 40+ 1
QTG6 36 +£3 25+2 32+£2

T S

" 10kv X100 - 100pm - . LCME-UFSC
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Figure 5: Micrographs of the surface of samples AZ31Q (a) and AZ31G6 (b) after exposure to
the SBF under the same conditions applied in the corrosion tests. The insets show the exposed

surfaces at higher magnification.

Additionally, the morphology of the cross-section of free-standing films, before
and after immersion in SBF, was investigated by SEM. In a previous publication by the
authors [12], it was reported that the morphology of neat chitosan films was
considerably modified after immersion in a corrosive solution. This change in
morphology was correlated to the water uptake, the parameter considered to be
responsible for the differences in the performance of the coatings in 3.5 wt.% NaCl
solution. The intensity of this morphological change decreased with the crosslinking
degree, and no change was observed for the film crosslinked with 6 mmol of genipin.
As shown in Figure 6, the morphology of the films prepared in this study does not
change after immersion in SBF. This result is related to the increase in the degree of
crosslinking that takes place during immersion, as previously mentioned, which

decreases the water uptake.

X700 20pm LCME-UFSC X700 20pm LCME-UFSC

& LE:ME-UFSC

Figure 6: Morphology of the fracture of QT films before (a) and after (b) immersion in SBF and
of QTG6 films before (c) and after (d) immersion in SBF.

4. Conclusions
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Coatings of neat chitosan and of chitosan crosslinked with 1 mmol of genipin are
efficient in protecting the magnesium alloy AZ31 from corrosion in SBF. The corrosion
protection provided by these coatings, in polarization and ESI tests, is superior to that
observed for similar coatings described in the literature. In contrast to the results
obtained using a 3.5 wt.% NaCl solution, an increase in the crosslinking degree is not
beneficial to the level of protection of the coatings in SBF. This result is related to the
fact that the coating interacts with cations present in the SBF, and its degree of
crosslinking increases until values at which the film becomes fragile and susceptible to
cracking, as confirmed by the SEM analysis. Nevertheless, the hydrogen evolution rate
observed for the sample coated with chitosan crosslinked with 1mmol of genipin,
complies with the tolerance limit, a result that indicates the potential of this coating in

protection magnesium alloy implants.
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