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Abstract: Magnesium alloys are promising materials for bioresorbable implants that will improve
patient life and reduce healthcare costs. However, their clinical use is prevented by the rapid
degradation and corrosion of magnesium, which leads to a fast loss of mechanical strength and the
formation of by-products that can trigger tissue inflammation. Here, a tannic acid coating is proposed
to control the degradation of AZ31 and AZ91 alloys, starting from a previous study by the authors on
AZ91. The coatings on the two materials were characterized both by the chemical (EDS, FTIR, XPS)
and the morphological (SEM, confocal profilometry) point of view. Static degradation tests in PBS
and electrochemical measurements in different solutions showed that the protective performances of
the tannic acid coatings are strongly affected by the presence of cracks. The presence of fractures in
the protective layer generates galvanic couples between the coating scales and the metal, worsening
the corrosion resistance. Although degradation control was not achieved, useful insights on the
degradation mechanisms of coated Mg surfaces were obtained, as well as key points for future
studies: it resulted that the absence of cracks in protective coatings is of uttermost importance for
novel biodegradable implants with proper degradation kinetics.

Keywords: magnesium alloys; polyphenols; controlled degradation rate; coating; corrosion; biomaterials

1. Introduction

Magnesium and its alloys are of interest in several biomedical applications due to
their biocompatibility and biodegradability. In orthopedic applications, the elastic modulus
of magnesium, which is around 40 GPa and close to the one of bone [1], can significantly
reduce the stress shielding phenomenon compared to traditional implant metals. Moreover,
biodegradability allows the avoidance of a second surgery for implant removal in all tempo-
rary applications such as trauma treatment, with consequent advantages for both patients
and the healthcare system [2]. In cardiovascular applications, bioresorbable materials can
reduce the risks associated with late thrombosis, mechanical failure, and permanent anti-
platelet therapies connected with permanent implants. Moreover, degradable metals, such
as magnesium and its alloys, present superior mechanical properties and biocompatibility
compared to degradable polymers [3].

The main obstacle to the diffusion of biodegradable magnesium-based implants
is related to too rapid and uncontrolled degradation. Moreover, the degradation of
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magnesium-based material is accompanied by hydrogen development and the produc-
tion of hydroxide ions and reactive intermediate species (RIS), such as reactive oxygen
species (ROS), reactive nitrogen species (RNS), reactive carbonyl species (RCS), and reactive
sulfur species (RSS) [4,5]. These aspects, together with a significant pH increase in the
degradation medium, can hamper the biocompatibility of magnesium alloys and restrict
their application.

In order to control the degradation rate of magnesium and its alloys, numerous
kinds of coatings have been investigated: calcium phosphates, oxides and hydroxides,
metals, polymers, or composites have been considered and obtained by different techniques
such as microarc oxidation (MAQ), plasma electrolytic oxidation (PEO), electrodeposition,
physical vapor deposition (PVD), layer by layer, sol-gel or chemical conversion, to cite
some examples [6,7].

Among the possible substances to be employed for corrosion protection/control of
metallic substrates, polyphenols constitute an interesting option due to their ability to
bind to metals and to confer, in addition to corrosion protection, some specific biological
properties such as antioxidant, anti-inflammatory, vasculo-protective and bone stimulating
properties [8-10].

Some research works recently explored the possibility of exploiting these properties
of polyphenols to obtain coatings on magnesium substrates to control their degradation
rate [11-18].

In this context, the present paper describes the possibility of employing tannic acid
for the obtainment of natural coatings on two different magnesium alloys, AZ31 (wt%:
Mg 95.9, Al 3.1, Zn 0.73, Mn 0.25, Si 0.02) and AZ91 (wt%: Mg 90.21, Al 8.8, Zn 0.68,
Mn 0.30, Si 0.01) [19], widely investigated for biomedical applications [2] and intended
for cardiovascular and orthopedic applications, respectively, in order to control their
degradation rate. The coating developed for AZ91 by Spriano et al. [20] was employed on
AZ31 too. Due to the poor performance of such surface modification, a new protocol was
tested for the protection of AZ31. Both the tannic acid coatings on AZ31 and AZ91 were
deeply characterized.

2. Materials and Methods
2.1. Samples Preparation

AZ91 plane samples (11 x 11 x 2 mm) were prepared by the combination of 3D
printing and investment casting, as described in [20]. AZ91 samples were washed for
5 min in ethanol and 5 min in ultrapure water in an ultrasonic bath, dried, and then coated
with tannic acid by immersion in a 5 mg/mL aqueous solution of tannic acid (TA, tannic
acid 403040-100G Sigma Aldrich, St. Louis, MO, USA) for 3 h at 37 °C, as described in [20].
Coated samples will be indicated as AZ91TA_5 from now on.

AZ31 plane samples (11 x 11 x 1 mm) were cut from AZ31 plates (GoodFellow
Cambridge Limited—UK, Huntingdon, UK), washed for 5 min in ethanol and 5 min in
ultrapure water in an ultrasonic bath, dried, and then coated with tannic acid by immersion
in a 5 mg/mL aqueous solution of tannic acid (TA, tannic acid 403040-100G Sigma Aldrich,
St. Louis, MO, USA) for 3 h at 37 °C or by immersion in a 20 mg/mL aqueous solution
of tannic acid for 30 min at 37 °C. Hereafter, the sample coated using the former protocol
will be labeled as AZ31TA_5, while the ones that underwent the latter procedure will be
referred to as AZ31TA_20.

2.2. Surface Characterization

Surface morphology and semi-quantitative chemical composition were investigated
using scanning electron microscopy equipped with energy dispersive spectroscopy (SEM,
JEOL, JCM 6000 plus, EDS, JEOL, and JED 2300, Tokyo, Japan).

The samples underwent morphological characterization using an optical profilome-
ter (LSM900, ZEISS, Oberkochen, Germany), and the topographical parameters were
assessed following ISO 25178 [21]. The software ConfoMap®ST (Version 7.4.8341, ZEISS,
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Oberkochen, Germany) was utilized to analyze the height maps derived from the
confocal microscope.

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy (FTIR
Hyperion 2000-Tensor 27, Bruker Optics, Ettlingen, Germany) was performed to inves-
tigate the surface chemistry. Spectra were collected in the wavenumber range between
4000 and 600 cm ™!, acquiring 64 scans for each spectrum with a resolution of 5 cm~!. The
background was collected before each measurement.

Surface composition and characteristic chemical functionalities were investigated
through X-ray photoelectron spectroscopy (XPS, PHI 5000 Versaprobe II, ULVAC-PH], Inc.,
Kanagawa, Japan). Survey spectra and high-resolution ones for C, O, and Mg were acquired.
Charging effects were corrected by fixing the Cls peak binding energy (BE) at 284.8 eV [22]
and the element peaks were fitted using Casa XPS software (Version 2.3.25PR1.0, Casa
Software Ltd., Teingmouth, UK) [23] using a Shirley baseline and a Gaussian-Lorentzian
peak shape [24].

2.3. Degradation and Corrosion Studies

Degradation tests were performed in PBS (phosphate-buffered saline, 79382, 50 tabs,
Sigma Aldrich, St. Louis, MO, USA) for 1, 2, 7, and 14 days following ASTM G31-72
standard [25]. After different soaking times samples were washed, dried, and observed at
SEM. pH and magnesium concentrations were analyzed in soaking solutions at each time.
Mg concentration in the PBS solution was measured by a photometric method (Hanna
Instruments, Woonsocket, RI, USA).

Corrosion studies were performed at the room temperature of about 23-25 °C in the
electrochemical environment using phosphate-buffered saline (PBS), Hanks’ balanced salt
solution with Ca?* and Mg2+ ions (HBSS*™*, Lonza, Vivers, Belgium), Hanks’ balanced
salt solution without Ca?* and Mg2+ ions (HBSS™, Lonza, Vivers, Belgium), Gibco™
Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific, Waltham, MA,
USA), 0.9% NaCl, and Ringer solution (B. Braun, Hessen, Germany) to study the effect of
different ions on the corrosion behavior of the tannic acid coating.

2.3.1. Electrochemical Cell

The electrochemical cell with standard three-electrode system was used. AZ31 and
AZ091 surfaces were placed as the working electrode (WE). The reference electrode (RE)
used for this study was a saturated calomel electrode (Hg,Cl, (SCE)) KE10 (Sensortechnik
Meinsberg, Waldheim, Germany), whereas a platinum rod (3 mm diameter) was used
as a counter electrode (CE). The potentiostat Autolab PGSTAT204 (Metrohm, Herisau,
Switzerland) was used to conduct the potentiodynamic measurements. The potentiostat
programming and data recording were performed by Nova advanced electrochemical
software 2.x (Metrohm, Herisau, Switzerland).

2.3.2. Electrochemical Corrosion Tests

Potential stabilization was first achieved as mentioned in [26] before measuring open-
circuit potential (OCP). An amount of 50 mL of test fluid was used for each sample
with an exposed surface area of 28.27 mm?. Following the stable OCP, current density
(I (mA/cm?)) was recorded as a function of the WE potential (E (V) vs. SCE). At least
five potentiodynamic measurements were performed for each sample in each test fluid.
For every sample, the potentiodynamic polarization was varied from —2.0to —1.0 V ata
scan rate of 10 mV/s. An amount of 1 mV was chosen as the suitable step size between
two points. The logarithmic values of the current density were plotted against the WE
potential to obtain the Tafel curve. Similarly, these obtained Tafel curves were extrapolated
using Nova advanced electrochemical software 2.x (Metrohm, Herisau, Switzerland) to
obtain the corrosion current density (icorr) and the corrosion potential (Ecorr). These Tafel
curves were reproduced using Origin 2022 (Origin Lab Corporation, Northampton, MA,
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USA). The following equation in accordance with ASTM G102-89 standard [27] was used
to calculate the corrosion rates:

CR =K IC;"EW )

where CR is the corrosion rate (mm/yr), K; is the constant and its value is 3.27 x 1073 (mm
g/ HA), icorr is the corrosion current density (LA / cm?), p is the standard density (g/ cmd),
and EW is the equivalent weight (g/eq). The EW and p were 12.3 g/eq and 1.74 g/cm? for
AZ31 [19], respectively, and 11.89 g/eq and 1.81 g/cm? for AZ91 [28], respectively.

3. Results and Discussion

Figure 1 reports SEM images of Mg alloys before and after tannic acid coating.

Figure 1. SEM images (100x) of (a) AZ91 uncoated, (b) AZ91TA_5, (c) AZ31 uncoated, (d) AZ31TA_5,
(e) AZ31TA_20. Markers are 200 um each.

The AZ91 bare sample (Figure 1a) presents a rough surface that resembles the layered
topology of the 3D-printed polymer pattern replicated by investment casting (Figure S1
in Supplementary Material ). After tannic acid coating (Figure 1b) the main topography
is maintained but plenty of micro-scales completely cover the surface, confirming surface
reaction and coating, as reported in [20].

The surface of the bare AZ31 sample (Figure 1c) appears as a typical rolled metal
with some scratches and scales, attributable to surface deformation and oxidation during
working. After tannic acid coating in a 5 mg/mL solution for 3 h (Figure 1d), analogously
to AZ91 substrates, a lot of big (hundreds of microns) scales cover the surface. When
coating is performed in a 20 mg/mL TA solution for 30 min (Figure le), scales have smaller
dimensions (not so far from the ones obtained on AZ91 samples) and cover the surface
in a more homogeneous way (less detachment). The presence of the phenolic coating is
also confirmed by EDS analyses (Table S1 in Supplementary Material), where an increase
in the C content was detected after the treatments on both AZ31TA_5 and AZ3TA_20. No
differences in the two coatings were observed in terms of the chemical composition.

Since roughness is a fundamental aspect concerning biomaterial implants for both
bone contact and cardiovascular applications [29], profilometry was used to evaluate how
the TA coating can change the alloy’s topography. It is to be noticed that it is not within
the intent of this paper to obtain specific values of surface roughness: the aim is limited to
evaluating the changes in the surface morphology upon coating with tannic acid. According
to SEM observation (Figure 1), the deposition of a TA coating on both AZ31 and AZ91
provokes changes in the surface roughness, S, (Table 1). The formation of scales and cracks
on the coated AZ31 results in increased S, values: the rougher surfaces were the ones
treated for 3 h with a 5 mg/mL TA solution, while a minor increment was observed for the



Materials 2024, 17, 343

50f13

()

samples soaked for only 30 min in a 20 mg/mL TA medium. As expected, by lowering the
treatment time, the reactions that occur on the surface of AZ31 produce a thinner reaction
layer, which is less subjected to cracking upon drying. On the contrary, the AZ91 roughness
was lowered by the surface coating. Thanks to the higher corrosion resistance of this alloy
compared to the AZ31, the formed layer is more adherent to the surface, with fewer cracks
and smaller scales, and it evens the irregularities of the samples.

Table 1. Roughness, S,, of the different samples obtained by ISO 25178.

AZ31 AZ31TA_5 AZ31TA_20 AZ91 AZ91TA
Sa (Lm) 1.57 5.66 3.72 14.2 10.3

The formation of scales of different dimensions on AZ31 samples and the flattening
effect of the TA coating of AZ91 are well visible in the 3D reconstruction of the surfaces
obtained by optical profilometry (Figure 2).

pm (b) pm

Figure 2. Three-dimensional reconstruction of (a) AZ31, (b) AZ31TA_5, (c) AZ31TA_20, (d) AZ91, (e)
AZ91TA obtained by optical profilometry.

The ability of the coating to reduce and slow the corrosion of the magnesium AZ31
alloy was evaluated by soaking the samples with different treatments in PBS. The formation
of degradation products, pH increases, and Mg release in the solution were studied as main
indicators of surface corrosion processes.
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AZ31

AZ31TA_S

AZ31TA_20

(a)

pH

12

As possible to see by SEM micrographs (Figure 3), degradation products are promptly
formed on the surface of both uncoated and coated AZ31 samples, as early as after 1 day
of soaking in PBS. EDS chemical analysis (Table S2 in Supplementary Material) showed
that the corroded layer is mainly formed by magnesium oxides and phosphate species [30].
The degradation products grew constantly with increased soaking time, covering all the
surfaces with white oxide flakes, and were observed at a macroscopic scale (Figure 3 insets).

1d 2d 7d 14d

Figure 3. SEM images of AZ31, AZ31TA_5, and AZ31TA_20 samples after degradation in PBS at
different time points, namely 1, 2, 7, and 14 days. Markers are 200 um each. Optical pictures of the
samples are shown in the insets of the images.

From the optical and SEM observation of the samples, it seems that a thicker and
more compact oxide layer is formed on the surface of the bare AZ31 alloy, compared to
the coated surfaces, and that the coating on AZ31TA_20 is more effective than the one on
AZ31TA_5 to slower the corrosion of magnesium.

Figure 4 reports pH and magnesium ions release in PBS during sample soaking for
up to 14 days. A rapid pH increase, up to 10, can be observed after 1 d for both AZ31 and
AZ31TA_5, while AZ31TA_20 can maintain solution pH close to 8 up to 2 d. A pH decrease
of around 8 after 7 or 14 days can be recorded for AZ31 and AZ31TA_20, respectively, while
AZ3TA_5 induces persistent basification up to 14 d. The differences, mainly visible at 7 days
of soaking, can be correlated with the dissolution and deposition of degradation products.
No significant differences can be denoted among samples considering Mg release.

114

10

(b)

—— AZ31 80 [——AZ31
—— AZ31_TA 5mg —— AZ31_TA 5mg d
——AZ31_TA 20 mg 704 |——AZ31_TA 20mg

60
50

40

Mg released (mg/L)

30

20

104

T T T T T 0 T T T T T T T

6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (d) Time (d)

Figure 4. Degradation test in PBS, (a) pH trend versus soaking time, (b) Mg release vs. soaking time.
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Looking at these results, AZ31TA_20 seems more promising than AZ31TA_5. Degra-
dation behavior is in accordance with SEM observations; in fact, AZ31_TA 20 mg presents
smaller scales and cracks, suggesting better coverage and protection. However, it seems
that the ability of the tannic acid coating to protect Mg substrates from degradation in PBS
is higher on AZ91 substrates [20] than on AZ31. This behavior can be attributed both to
a lower reactivity of AZ91 substrates, as reported in [19], and to a better coverage (fewer
cracks) of the obtained TA coating.

According to these results, the coating obtained using a TA concentration of 5 mg/mL
in the processing solution was not effective in preventing the corrosion of the AZ31 substate,
therefore it was not investigated further. Deeper studies on the surface chemistry of
AZ31TA_20 and AZ91TA were performed by FTIR and XPS.

The FTIR spectra are reported in Figure 5. As expected, the untreated metal sur-
faces have almost no absorption in the IR region, but a weak band around 1400 cm™!
was detected on AZ31, which can be related to some carbonates on the surface of the
alloy [31]. After the coating formation, the typical fingerprint of tannic acid can be ob-
served in the spectra, with the bands rising from the vibrational mode of phenolic OH
(the halo at 3300 cm 1), C=O (at 1700 cm~!), aromatic rings (1700-1400 cm '), COOH
(1400-1200 cm '), and C-O (1200-1000 cm~!) [32-34]. The higher intensity of the organic
peaks on the AZ31TA_20 with respect to the AZ91TA is related to more intimate contact
between the sample and the ATR crystal, due to the lower roughness of the AZ31 samples,
which results in better signal detection. FTIR spectra are a further confirmation of the
successful integration of tannic acid within the coating on the different alloys.

TA

AZ91TA
—AZ31TA_20
—AZ9N1
— AZ31

Absorbance (%)

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

Figure 5. FTIR spectra of bare AZ31 and AZ91, of Mg samples after coating with tannic acid (AZ31_TA
20 mg/mL and AZ91_TA), and of tannic acid (TA).

The surface chemistry of as received and coated Mg alloys was investigated by XPS
survey spectra and reported in Table 2. The main elements of the alloys, namely Mg and
Al, were detected even with different compositions than the nominal ones [19]. This is due
to the presence of a native oxide layer, mainly composed of Mg and O, and high levels of
C-containing and other kinds of contaminations.

Table 2. Elemental composition (at%) of the main elements in the different samples and their ratios.

Element (at%) Ratio

Mg (0] C Al Zn Others C/Mg
AZ31 14.2 43.2 25.4 1.1 - 16.1 1.8
AZ31TA_20 8.6 38.6 434 1.6 0.1 7.7 5.0
AZ91 10.6 39.7 29.6 3.2 - 16.9 2.7
AZ91TA 29 33.7 61.4 - - 2 21.2
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After the coating process, a decrease in the Mg and O contents and an increase in
C on both types of samples were observed. These changes are much more intense on
AZ91TA than on AZ31TA_20, as also possible to see by the C/Mg ratio (Table 2). On the
former surface, the Mg is very low, and the C/Mg ratio has almost a tenfold increase, while
on AZ31TA_20 Mg is about 8.6% and the C/Mg ratio is increased roughly two and half
times. These differences can be related to the higher integrity of the TA coating on AZ91
samples, with respect to the AZ31 alloy. The cracks on the AZ31TA_20 coating expose the
underneath metal surface, therefore increasing the amount of Mg detected.

Further information on the surface chemistry can be drawn by analyzing the high-
resolution peaks. Before coating, the Cls of both AZ31 and AZ91 (Figure 6a,b) are composed
of signals arising mainly from carbonates (CO3, BE ~ 289-290 eV) and carbonaceous
contaminations (CO, BE ~ 286 eV; COO, BE =~ 288 eV) [24]. A contribution by C-Mg bonds
(BE ~ 284 eV) [35] is observed in the AZ91 pristine sample, probably due to some reaction
occurring when the molten metal is cast into a ceramic mold with residues after burning a
3D polymeric pattern. The deposition of a TA-containing coating, following the surface
modification, can be observed by the increase in the CO and COO components of the
C1s peak (Figure 6¢,d; Table S3 in Supplementary Material) and the appearance of the
peaks related to aromatic C (arC, BE =~ 284 eV) [36] and the delocalized electron of the 7—m
aromatic bonds (BE ~ 291 eV) [37]. These chemical groups and bonds are very typical of
the TA, as possible to see by its chemical formula (Figure S2 in Supplementary Material).
The lower intensity of the TA peaks on coated AZ31 with respect to the coated AZ91 can
be related to the presence of larger cracks in the coatings on the former surface, which
therefore exposes uncoated parts, in agreement with the compositional results (Table 2).

(a) 2 102

204

CPS
=

(b) 22X I()2

&

© 2]

20]
18]
16]
0 14]

10]
]
(>:

T
296 292 288 284
Binding Energy (eV)

R

280

LA B e i B e e
296 292 288 284 280
Binding Energy (eV)

(c) (d) 5

35 x 10
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Figure 6. Cls peak deconvolution of: (a) AZ31; (b) AZ91; (c) AZ31TA_20; and (d) AZ91TA. In each
image: red line: experimental spectrum; brown line: fitted spectrum; light brown line: baseline.

Similar results were found observing the Ols peaks. The pristine alloys (Figure 7a,b)
show the expected components of the magnesium native oxide layer, a mixture of oxide
MgO (BE ~ 530.5 eV) and hydroxide Mg(OH), (BE ~ 531.6) [13,24,38]. Adsorbed water
was also found (BE ~ 533.5) [24]. On the other hand, the coated surfaces have very strong
contributions by the aromatic hydroxyl groups (BE ~ 533.5) and a smaller one by COO
groups (BE ~ 531.5) [36] of the tannic acid. Again, the higher contribution of the organic
molecules in the coating was observed for the AZ91TA surface, sustaining the hypothesis of
a more continuous layer. The fact that the amount of magnesium hydroxide is much higher
than the one of magnesium oxide in the coating (Table 54 in Supplementary Material)
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suggests that a reaction occurs during the soaking in the TA solution, with the formation of
mainly MgO instead of Mg(OH), and the formation of a mixed layer TA-Mg oxide.

a b
@ 2 (b) 2
904 804 Mg(OH),
803 703
703 60
E £
£ 603 £ 5o
304 404
404
E 304
303 >
b I T T I T T | T T ‘ T T I T T I /I T I T T I T T
537 534 531 528 525 537 534 531 528 525
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c d
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S 403 &
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o0 | Mg(OI), 304
e co, 253
35€ q 204
20 - A\ 153
e e SR L I LA T B o e b
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Binding Energy (eV) Binding Energy (eV)

Figure 7. Ols peak deconvolution of: (a) AZ31; (b) AZ91; (c) AZ31TA_20; and (d) AZ91TA. In each
image: red line: experimental spectrum; brown line: fitted spectrum; light brown line: baseline.

The hypothesis on the evolution of the oxide layer based on the oxygen spectra is
confirmed by the deconvolution of the Mgls peaks. Concerning the untreated alloys,
the surface is composed of a mixture of mainly magnesium oxide (BE ~ 1303.7), along
with hydroxide (BE ~ 1302.5) and carbonates (BE ~ 1304.6) (Figure 8a,b; Table S5 in
Supplementary Material) [15,18]. When the coating is formed on the alloys, a reduction of
the components related to the magnesium hydroxide and carbonates was observed, while
the MgO increased on both treated AZ31 and AZ91 (Figure 8c,d; Table S5 in Supplementary
Material). These results strengthened the suggestion of the formation of MgO instead of
Mg(OH), during the reaction with the TA solution.

(a) 34 I()2 (b) lO2
32] zz‘ MgO
301 ]
28]
26
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5 22
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Figure 8. Mgls peak deconvolution of: (a) AZ31; (b) AZ91; (c) AZ31TA_20; and (d) AZ91TA. In each
image: red line: experimental spectrum; brown line: fitted spectrum; light brown line: baseline.
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Current (A)

Current (A)

Figure 9 shows the Tafel plots obtained by potentiodynamic polarization measure-
ments. The shifting of corrosion current potential was observed to a more negative side
after coating for both AZ31 and AZ91 in the PBS, HBSS, 0.9% NaCl, and Ringer solutions.
This indicates the weakening of the barrier for corrosion [25,39]. However, no such shift
was observed for AZ91TA in DMEM. Similarly, AZ31TA_20 also showed no shifting in
corrosion potential (Ecorr) in HBSS (without Ca?* and Mg2+ ions). This randomness in
the shifting of the Ecorr might be because of the random scales and cracks present on the
coated samples and the site of the sample surface exposed to the fluid and it is difficult
to predict the real mechanism behind it. Coatings with fewer or no cracks can reduce
this uncertainty.
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Figure 9. Tafel plots of all samples in the different test fluids: (a) PBS; (b) HBSS, (c) HBSS w/o Ca Mg;
(d) DMEM,; (e) 0.9% NaCl; and (f) Ringer solutions.

Figure 10 shows the values of the Ecorr, icorr, and corrosion rates for all the samples. The
Ecorr values for AZ31, AZ31TA, AZ91, and AZ91TA were in the range of ((—1.25)—(—1.54)
V), (—1.28)—(—1.46) V), ((—1.27)—(—=1.57) V), and ((—1.53)—(—1.61) V), respectively, in
all fluids. The highest values of Ecorr were observed in DMEM for AZ31, AZ31TA, and
AZ91TA, whereas AZ91 showed the highest value for corrosion potential in the PBS solution.
However, there was no influence of ions that could be observed on the corrosion potential
due to the randomness of values in different fluids. Similar kinds of variations in icorr
and corrosion rates were also observed. For instance, the measured ico;r Was more than
20 pA/cm? in DMEM for AZ91 and AZ91TA. However, it was even less than 10 pA /cm?
in other fluids for the same samples. Moreover, AZ31 showed the highest corrosion rate of
0.91 mm/y in the DMEM as well. Interestingly, corrosion rates were increased in coated
samples (AZ31TA, AZ91TA) as compared to the uncoated samples (AZ31, AZ91) for most
of the fluids, exceptions are DMEM and PBS. Due to the huge variation in crack dimensions,
we can assume that the surface of the same sample was not even similar enough to establish
the direct relationship of the ions on the variation of the corrosion parameters. It can be
reported that the corrosion rates were increased due to the presence of micro-cracks in
the coating, as reported in [40]. Obtaining a crack-free coating or a coating with minimal
cracks is already a challenging task in the case of natural molecules [20]. We aim to further
optimize the coating parameters in future studies to obtain the best possible coating to
have good corrosion resistance as reported in [40].
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PBS Eoorr (V) icorr Cor. Rate HBSS++ Eio V) icon Cor. Rate HBSS-- Econ icorr Cor. Rate
(nA/cm?) (mm/y) (nA/cm?) (mm/y) (\%) (nA/cm?) (mm/y)
AZ31 -1.33 5.64 0.13 AZ31 -1.25 1.73 0.04 AZ31 -1.31 7.17 0.16
AZ31TA_20 -1.37 5.47 0.12 AZ31TA_20 -1.39 13.80 0.31 AZ31TA_20 -1.33 8.33 0.19
AZ91 -1.57 8.7 0.19 AZ91 -1.48 1.87 0.04 AZ91 -1.27 2.40 0.05
AZ9ITA -1.53 591 0.13 AZ9ITA -1.57 6.91 0.148 AZ9ITA -1.59 9.23 0.20
DMEM Ecorr V) icorr Cor. Rate 0.9% NaCl Ecorr V) icorr Cor.Rate | Ringer Econ icorr Cor. Rate
(nA/cm?) (mm/y) (nA/cm?) (mm/y) solution (\%) (nA/cm?) (mm/y)
AZ31 -1.54 481 091 AZ31 129 2.26 0.05 AZ31 128 1.57 0.03
AZ31TA 20 -1.46 13 0.29 AZ31TA 20 1138 5.39 0.12 AZ31TA 20 -1.29 2.15 0.04
AZ91 Pl 2 0 AZ91 -1.35 5.85 0.13 A791 -1.40 2.02 0.04
AZ91TA -1.60 21.16 0.45 AZ9ITA -1.56 8.75 0.19 AZ9ITA -1.54 8.59 0.18

Figure 10. Corrosion parameters of all samples in PBS; HBSS++; HBSS--; DMEM,; 0.9% NaCl; and
Ringer solution.

4. Conclusions

The control of the degradation rate is still a major issue for the clinical application of
Mg alloy-based devices. In this paper, a tannic acid coating was proposed for the AZ31 alloy
with a double scope: slow the corrosion of the implant and exploit the beneficial properties
of polyphenols. The same approach was effective in reducing the static degradation of
AZ91, as proven by the authors in a previous study [20].

Here, the TA coating was unable to protect the AZ31 substrate from static degradation,
due to the elevated reactivity of this Mg alloy that produced a highly cracked and poorly
attached TA-Mg oxide coating, despite the use of different coating protocols. Furthermore,
the electrochemical tests showed that both for AZ31 and AZ91, the coating worsened
the corrosion behavior by increasing the corrosion current and the corrosion rate, as
consequences of the formation of galvanic cells between the coating scales and the exposed
metallic substrate. However, these results are valuable since they provide important
information towards the development of protective coatings for Mg alloys, by emphasizing
the uttermost importance of obtaining homogeneous and crack-free layers. In fact, current
studies in our group are devoted to solving this issue and they will be the object of
future publications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma17020343/s1, Figure S1: Optical picture of the AZ91 sample
surface, Figure 52: Tannic acid formula, Table S1: Surface composition by EDS of AZ31 samples as
received and after coating with TA solution at different concentrations, Table S2: Surface composition
by EDS of AZ31, AZ31TA_5, and AZ31TA_20 after soaking in PBS solution for different time points,
Table S3: Composition of the Cls peak (at%), Table S4: Composition of the Ols peak (at%), Table S5:
Composition of the Mgls peak (at%).

Author Contributions: Conceptualization, N.B., S.S. and S.F.; Methodology, ].B., M.S., N.B. and S.F;
Investigation, J.B. and M.S.; Resources, A.D. and K.N.; Writing—original draft, ].B., M.S. and S.E,;
Writing—review & editing, ].B.,, M.S., A.D., ].O., K.N.,, N.B,, S.S. and S.E,; Supervision, ].O. and S.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by The European Virtual Institute on Knowledge-based Multi-
functional Materials AISBL (KMM-VIN) in the frame of the KMM-VIN Research Fellowship program
(14th Call, 2022).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon request to the authors.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ma17020343/s1
https://www.mdpi.com/article/10.3390/ma17020343/s1

Materials 2024, 17, 343 12 of 13

References

1. Jing, X,; Ding, Q.; Wu, Q.; Su, W,; Yu, K,; Su, Y; Ye, B.; Gao, Q.; Sun, T.; Guo, X. Magnesium-based materials in orthopaedics:
Material properties and animal models. Biomater. Transl. 2021, 2, 197-213. [CrossRef]

2. Tsakiris, V.; Tardei, C.; Clicinschi, EM. Biodegradable Mg alloys for orthopedic implants—A review. |. Magnes. Alloys 2021, 9,
1884-1905. [CrossRef]

3. Toong, D.W.Y,; Ng, ].C.K,; Huang, Y.; Wong, PE.H.; Leo, H.L.; Venkatraman, S.S.; Ang, H.Y. Bioresorbable metals in cardiovascular
stents: Material insights and progress. Materialia 2020, 12, 100727. [CrossRef]

4. Kim, J; Pan, H. Effects of magnesium alloy corrosion on biological response—Perspectives of metal-cell interaction. Prog. Mater.
Sci. 2023, 133, 101039. [CrossRef]

5. de Oliveira, M.C.L.; da Silva, RM.P; Souto, R.M.; Antunes, R.A. Investigating local corrosion processes of magnesium alloys with
scanning probe electrochemical techniques: A review. J. Magnes. Alloys 2022, 10, 2997-3030. [CrossRef]

6. Zhang, D.; Peng, F; Liu, X. Protection of magnesium alloys: From physical barrier coating to smart self-healing coating. J. Alloys
Compd. 2021, 853, 157010. [CrossRef]

7. Wu, G, Ibrahim, ].M.; Chu, PK. Surface design of biodegradable magnesium alloys—A review. Surf. Coat. Technol. 2013, 233,
2-12. [CrossRef]

8. Das, AK,; Islam, N.; Faruk, O.; Ashaduzzaman; Dungani, R. Review on tannins: Extraction processes, applications and
possibilities. S. Afr. J. Bot. 2020, 135, 58-70. [CrossRef]

9.  Shavandi, A.; Bekhit, A.E.-D.A.; Saeedi, P; Izadifar, Z.; Bekhit, A.A.; Khademhosseini, A. Polyphenol uses in biomaterials
engineering. Biomaterials 2018, 167, 91-106. [CrossRef]

10. Reitzer, F; Allais, M.; Ball, V.; Meyer, F. Polyphenols at interfaces. Adv. Colloid Interface Sci. 2018, 257, 31-41. [CrossRef]

11.  Zhang, B; Yao, R.; Li, L.; Wang, Y;; Luo, R.; Yang, L.; Wang, Y. Green Tea Polyphenol Induced Mg2+-rich Multilayer Conversion
Coating: Toward Enhanced Corrosion Resistance and Promoted in Situ Endothelialization of AZ31 for Potential Cardiovascular
Applications. ACS Appl. Mater. Interfaces 2019, 11, 41165-41177. [CrossRef] [PubMed]

12.  Asgari, M; Yang, Y.; Yang, S.; Yu, Z.; Yarlagadda, PK.D.V,; Xiao, Y.; Li, Z. Mg-Phenolic Network Strategy for Enhancing Corrosion
Resistance and Osteocompatibility of Degradable Magnesium Alloys. ACS Omega 2019, 4, 21931-21944. [CrossRef] [PubMed]

13.  Chen, S.; Zhang, J.; Chen, Y.; Zhao, S.; Chen, M.; Li, X.; Maitz, M.F,; Wang, J.; Huang, N. Application of Phenol/Amine
Copolymerized Film Modified Magnesium Alloys: Anticorrosion and Surface Biofunctionalization. ACS Appl. Mater. Interfaces
2015, 7, 24510-24522. [CrossRef] [PubMed]

14. Lee, H.-P; Lin, D.-J.; Yeh, M.-L. Phenolic modified ceramic coating on biodegradable Mg alloy: The improved corrosion resistance
and osteoblast-like cell activity. Materials 2017, 10, 696. [CrossRef]

15. Zhang, H.; Shen, X,; Wang, J.; Huang, N.; Luo, R.; Zhang, B.; Wang, Y. Multistep Instead of One-Step: A Versatile and
Multifunctional Coating Platform for Biocompatible Corrosion Protection. ACS Biomater. Sci. Eng. 2019, 5, 6541-6556. [CrossRef]
[PubMed]

16. Bertuola, M.; Mifian, A.; Grillo, C.; Cortizo, M.; de Mele, M.E.L. Corrosion protection of AZ31 alloy and constrained bacterial
adhesion mediated by a polymeric coating obtained from a phytocompound. Colloids Surf. B Biointerfaces 2018, 172, 187-196.
[CrossRef] [PubMed]

17.  Chen, X; Li, G.; Lian, J.; Jiang, Q. Study of the formation and growth of tannic acid based conversion coating on AZ91D
magnesium alloy. Surf. Coat. Technol. 2009, 204, 736-747. [CrossRef]

18.  Zhang, H.; Luo, R.; Li, W.; Wang, ].; Maitz, M.F,; Wang, J.; Wan, G.; Chen, Y.; Sun, H.; Jiang, C.; et al. Epigallocatechin gallate
(EGCQG) induced chemical conversion coatings for corrosion protection of biomedical MgZnMn alloys. Corros. Sci. 2015, 94,
305-315. [CrossRef]

19. Mena-Morcillo, E.; Veleva, L. Degradation of AZ31 and AZ91 magnesium alloys in different physiological media: Effect of surface
layer stability on electrochemical behaviour. ]. Magnes. Alloys 2020, 8, 667-675. [CrossRef]

20. Spriano, S.; Dmitruk, A.; Naplocha, K.; Ferraris, S. Tannic Acid Coatings to Control the Degradation of AZ91 Mg Alloy Porous
Structures. Metals 2023, 13, 200. [CrossRef]

21. ISO 25178-2:2021; Geometrical Product Specifications (GPS) Surface Texture: Areal. International Organization for Standardization:
Geneva, Switzerland, 2021.

22. Ferraris, S.; Yamaguchi, S.; Barbani, N.; Cazzola, M.; Cristallini, C.; Miola, M.; Verne, E.; Spriano, S. Bioactive materials: In vitro
investigation of different mechanisms of hydroxyapatite precipitation. Acta Biomater. 2020, 102, 468—480. [CrossRef] [PubMed]

23. Fairley, N.; Fernandez, V.; Richard-Plouet, M.; Guillot-Deudon, C.; Walton, J.; Smith, E.; Flahaut, D.; Greiner, M.; Biesinger, M.;
Tougaard, S.; et al. Systematic and collaborative approach to problem solving using X-ray photoelectron spectroscopy. Appl. Sutf.
Sci. Adv. 2021, 5,100112. [CrossRef]

24. Feliu, S.; Pardo, A.; Merino, M.; Coy, A.; Viejo, F.; Arrabal, R. Correlation between the surface chemistry and the atmospheric
corrosion of AZ31, AZ80 and AZ91D magnesium alloys. Appl. Surf. Sci. 2009, 255, 4102-4108. [CrossRef]

25. ASTM G31-21; Guide for Laboratory Immersion Corrosion Testing of Metals. ASTM: West Conshohocken, PA, USA, 2021.
[CrossRef]

26. Saqib, M.; Kuzmin, O.S.; Kraskiewicz, H.; Wasyluk, L.; Cuniberti, G.; Ficai, A.A.; Pichugin, V.E,; Opitz, J.; Beshchasna, N.

Evaluation of in Vitro Corrosion Behavior of Titanium Oxynitride Coated Stainless Steel Stents. IEEE Access 2021, 9, 59766-59782.
[CrossRef]


https://doi.org/10.12336/biomatertransl.2021.03.004
https://doi.org/10.1016/j.jma.2021.06.024
https://doi.org/10.1016/j.mtla.2020.100727
https://doi.org/10.1016/j.pmatsci.2022.101039
https://doi.org/10.1016/j.jma.2022.09.024
https://doi.org/10.1016/j.jallcom.2020.157010
https://doi.org/10.1016/j.surfcoat.2012.10.009
https://doi.org/10.1016/j.sajb.2020.08.008
https://doi.org/10.1016/j.biomaterials.2018.03.018
https://doi.org/10.1016/j.cis.2018.06.001
https://doi.org/10.1021/acsami.9b17221
https://www.ncbi.nlm.nih.gov/pubmed/31651138
https://doi.org/10.1021/acsomega.9b02976
https://www.ncbi.nlm.nih.gov/pubmed/31891072
https://doi.org/10.1021/acsami.5b05851
https://www.ncbi.nlm.nih.gov/pubmed/26479205
https://doi.org/10.3390/ma10070696
https://doi.org/10.1021/acsbiomaterials.9b01459
https://www.ncbi.nlm.nih.gov/pubmed/33417806
https://doi.org/10.1016/j.colsurfb.2018.08.025
https://www.ncbi.nlm.nih.gov/pubmed/30153620
https://doi.org/10.1016/j.surfcoat.2009.09.022
https://doi.org/10.1016/j.corsci.2015.02.015
https://doi.org/10.1016/j.jma.2020.02.014
https://doi.org/10.3390/met13020200
https://doi.org/10.1016/j.actbio.2019.11.024
https://www.ncbi.nlm.nih.gov/pubmed/31734414
https://doi.org/10.1016/j.apsadv.2021.100112
https://doi.org/10.1016/j.apsusc.2008.10.095
https://doi.org/10.1520/G0031-21
https://doi.org/10.1109/ACCESS.2021.3072597

Materials 2024, 17, 343 13 of 13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

ASTM G102-89(2015)e1; Standard Practice for Calculation of Corrosion Rates and Related Information from Electrochemical
Measurements. ASTM: West Conshohocken, PA, USA, 2023. [CrossRef]

Choi, K.; Shin, J.; Kang, H. The Effect of Solidification Rate on the Corrosion Resistance of Die-Cast AZ91 Magnesium Alloy.
Materials 2022, 15, 1259. [CrossRef]

Matos, G.R.M. Surface Roughness of Dental Implant and Osseointegration. J. Maxillofac. Oral Surg. 2021, 20, 1-4. [CrossRef]
[PubMed]

Xin, Y;; Hu, T.; Chu, PK. Influence of Test Solutions on In Vitro Studies of Biomedical Magnesium Alloys. J. Electrochem. Soc. 2010,
157, C238. [CrossRef]

Pokharel, D.B.; Liping, W.; Dong, J.; Wei, X.; Etim, I-LN.; Subedi, D.B.; Umoh, A.].; Ke, W. Effect of D-fructose on the in-vitro
corrosion behavior of AZ31 magnesium alloy in simulated body fluid. J. Mater. Sci. Technol. 2021, 66, 202-212. [CrossRef]

Xu, Z.; Ye, H.; Li, H,; Xu, Y,; Wang, C.; Yin, J.; Zhu, H. Enhanced Lithium Ion Storage Performance of Tannic Acid in LiTFSI
Electrolyte. ACS Omega 2017, 2, 1273-1278. [CrossRef]

El-Damhougy, T.K,; Ahmed, A.S.; Gaber, G.A.; Mazied, N.A.; Bassioni, G. Radiation synthesis for a highly sensitive colorimetric
hydrogel sensor-based p(AAc/AMPS)-TA for metal ion detection. Results Mater. 2021, 9, 100169. [CrossRef]

Rajar, K.; Soomro, R.A.; Ibupoto, Z.H.; Sirajuddin; Balouch, A. Tannic acid assisted copper oxide nanoglobules for sensitive
electrochemical detection of bisphenol A. Int. J. Food Prop. 2017, 20, 1359-1367. [CrossRef]

Riccucci, G.; Cazzola, M.; Ferraris, S.; Gobbo, V.; Guaita, M.; Spriano, S. Surface functionalization of Ti6Al4V with an extract of
polyphenols from red grape pomace. Mater. Des. 2021, 206, 109776. [CrossRef]

Reggio, C.; Barberi, J.; Ferraris, S.; Spriano, S. Functionalization of Ti6Al4V Alloy with Polyphenols: The Role of the Titanium
Surface Features and the Addition of Calcium Ions on the Adsorption Mechanism. Metals 2023, 13, 1347. [CrossRef]

Chen, X.; Wang, X.; Fang, D. A review on Cls XPS-spectra for some kinds of carbon materials. Fuller. Nanotub. Carbon
Nanostructures 2020, 28, 1048-1058. [CrossRef]

Wang, L.; Shinohara, T.; Zhang, B.-P. XPS study of the surface chemistry on AZ31 and AZ91 magnesium alloys in dilute NaCl
solution. Appl. Surf. Sci. 2010, 256, 5807-5812. [CrossRef]

Wang, Z.; Yang, Z.; Zeng, S.; Zhang, G.; Liu, J.; Chen, C.; Suganuma, K. Effect of temperature on electrochemical corrosion of
Zn-305n lead-free solder. In Proceedings of the 2018 19th International Conference on Electronic Packaging Technology (ICEPT),
Shanghai, China, 8-11 August 2018; pp. 10-14. [CrossRef]

Deng, F; Huang, Y.; Azarmi, F. Corrosion Behavior Evaluation of Coated Steel Using Fiber Bragg Grating Sensors. Coatings 2019,
9, 55. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1520/G0102-23
https://doi.org/10.3390/ma15031259
https://doi.org/10.1007/s12663-020-01437-5
https://www.ncbi.nlm.nih.gov/pubmed/33584035
https://doi.org/10.1149/1.3421651
https://doi.org/10.1016/j.jmst.2020.03.080
https://doi.org/10.1021/acsomega.6b00504
https://doi.org/10.1016/j.rinma.2021.100169
https://doi.org/10.1080/10942912.2016.1209776
https://doi.org/10.1016/j.matdes.2021.109776
https://doi.org/10.3390/met13081347
https://doi.org/10.1080/1536383X.2020.1794851
https://doi.org/10.1016/j.apsusc.2010.02.058
https://doi.org/10.1109/ICEPT.2018.8480667
https://doi.org/10.3390/coatings9010055

	Introduction 
	Materials and Methods 
	Samples Preparation 
	Surface Characterization 
	Degradation and Corrosion Studies 
	Electrochemical Cell 
	Electrochemical Corrosion Tests 


	Results and Discussion 
	Conclusions 
	References

