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Abstract: Magnesium (Mg) has good biocompatibility, making it suitable as an implant material.
However, Mg has a high corrosion rate because of the reaction between magnesium implants and
fluids in the human body. To lower the corrosion rate of magnesium alloys, it is necessary to perform
a coating process using tannic acid (TA) and hyaluronic acid (HYA), as we have done in this study. TA,
an active ingredient, is relatively inexpensive, easy to find, and can effectively reduce the degradation
rate. SEM characterization showed that the TA-HYA layer was formed by chelation between the Mg
and TA surfaces. Furthermore, adding HYA to the coating covered the cracks caused by the TA layer
and increased the hydrophilic properties. In vitro corrosion tests using Tafel polarization showed
that the TA-HYA coating reduced the corrosion rate of the magnesium alloy from 7.379 mm/year to
0.204 mm/year. The immersion test in the SBF solution showed that the TA-HYA layer could bind
Mg?*, which is beneficial for new bone growth.

Keywords: corrosion; hyaluronic acid; implant; magnesium alloy; tannic acid

1. Introduction

Many people suffer from bone fractures caused by accidents or sickness annually.
According to data published in the Global Burden of Diseases, the number of new fractures
worldwide in 2019 was estimated to be 178 million (95% UI 162-196), an increase of
33.4% (30.1-37.0) compared to 1990 [1]. Fractures develop because of the accumulation
of microfractures produced by mechanical factors such as tension from unintended loads
applied to the bone internally and externally [2,3]. Most fractures are healed by implants
inserted into the damaged bone. Every year, more than three million bone transplant
surgeries are performed worldwide. The cost of fracture healing in the United States
is $32 billion annually [4]. In 2025, the global implant production sector is predicted to
reach$66,636 a million [5], as the demand for implants will grow yearly.

Inert alloy materials such as vanadium, stainless steel, titanium, cobalt-chrome, and
aluminum are commonly used as bone implants. Implanted orthopedic devices (such
as bone screws, plates, artificial joints, and dental implants) improve pain relief and
mechanically stabilize bone structures owing to their biocompatibility, low immunogenicity,
and corrosion resistance [6]. Unfortunately, these bioinert implants impair osseointegration
around the implant, leading to chronic complications, endocrine disruption, reactive oxygen
species (ROS), and post-implant failure [7,8]. A minimum of two operations are necessary
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for implant placement and removal when using bone implants because the degradation
resistance of these inert alloy materials is very high.

The essential characteristics of implant materials are their strong biocompatibility
and bone-friendly mechanical and chemical properties. With the increased usage of im-
plants, performing the procedure twice is considered inefficient [9]. Against these issues,
researchers began looking for metal alloys that could be used as implant materials but only
required one procedure and could be left in the body to decompose, earning the name of
a biodegradable implant. Magnesium is one of the materials utilized in biodegradable
implants because of its strong biocompatibility. Magnesium implants are lighter than other
metallic biomaterials because, compared to natural bone, they have a density of 1.8 g/cm?
to21g/ cm3. The value of magnesium alloy itself is close to 1.74 g/ cm?® t0 2.0 g/ cm? [10].

Furthermore, compared to other types of magnesium material, magnesium AZ31B
can also be selected as a biodegradable implant because it has an elastic modulus between
3 and 20 GPa, which is similar to that of normal bone [11], and the percentage of aluminum
content is not more than 3%. Al is below the toxicity limit for the human body [12,13].
Furthermore, Willbold et al. demonstrated that aluminum does not permeate into the
surrounding tissue during the breakdown of AZ31 [14], and Witte et al. also asserted that
modest amounts of aluminum emitted continually throughout the breakdown process are
tolerated [14]. Although magnesium AZ31B has a high rate of degradation and is non-toxic
to humans, a coating technique is required to control the pace of degradation so that the
magnesium implant does not disintegrate before the broken bone heals [15] and will boost
cell proliferation in the human body.

Medical use necessitates the selection of alloy composition and the processing tech-
nique, which should be a special responsibility for the practical applications of magnesium
alloys. Using the ultrafine-grained (UFG) structure in magnesium alloys is one of the nu-
merous strategies to obtain good magnesium alloy characteristics [16]. Besides that, there
are several other ways, such as surface coating. Surface coating is a method for preparing a
protective layer on magnesium implants so that, in the presence of this coating, magnesium
does not come into direct contact with bodily fluids. The coating material must have good
biocompatibility and good biodegradability. In addition, the corrosion rate of the coating
material must be slower than that of Mg to increase the corrosion resistance; however,
biodegradation must occur at the desired rate [17]. In this study, a conversion coating was
used. The conversion layer is formed from a specific reaction between the base material
and the environment; an oxide layer is produced through a chemical or electrochemical
process. The resulting coating is expected to be gas- or liquid-resistant, inert, resistant to
mechanical damage, self-healing, environmentally friendly, and cost-effective [18].

One of the reasons for developing a layer on the surface of magnesium is the formation
of bonds with Mg?* ions, which helps to prevent the dissolution of Mg?* ions. Tannic
acid is an organic molecule that can bind to Mg?* ions and form chelate connections,
enhancing corrosion resistance [19,20]. Because tannic acid layers have cracks, they are
prone to corrosion [21]. As a polyphenol, tannic acid can be useful for healing; it has
therapeutic and pharmacological properties, such as antibacterial, anticancer, antioxidant,
anti-inflammatory, anti-viral, and homeostatic properties [22]. According to Asgari et al.,
magnesium coated with tannic acid has cracks on the surfaces of all of the broader samples
from day one to twenty-one. The samples with higher tannic acid were more effective in
improving corrosion resistance (up to 180%) [23]. Owing to the presence of cracks on the
surface of the layer, the formation of a new layer above the tannic acid layer is a technique
to cover the cracks and close the gap.

Hyaluronic acid is a sulfur-free glycosaminoglycan composed of the disaccharide
N-acetyl-D-glucosamine group, with a size of 106-107 kDa repeating the D-glucuronic
acid group. These compounds are abundant in the skin, tendons, and synovial fluid of
the human body [24]. Hyaluronic acid plays an essential role in cell adhesion, prolif-
eration, and differentiation in the human body [25] and has excellent biocompatibility,
biodegradability, and non-immunogenicity [26]. According to Dominik et al., HYA can trig-
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ger anti-inflammatory and immunosuppressive characteristics for high-molecular-weight
HYA and stimulate proinflammatory tissue reactions for low-molecular-weight HYA. It
is expected to accelerate bone healing [27]. As a coating substance, hyaluronic acid can
mend microcracks in the coatings caused by the use of other materials in metallic implants.
Furthermore, a hyaluronic acid coating can improve corrosion resistance [28]. Min et al.
evaluated HYA-TA using the DPPH radical assay, and the results were highly effective
owing to its excellent antioxidant activity [29] and success in reducing the corrosion rate.

In the present work, to address the deficiency in tannic acid, which can cause cracks
in the samples, an additional coating with hyaluronic acid was carried out to protect the
cracks. In addition, tannic acid and hyaluronic acid can improve the corrosion resistance of
AZ31B magnesium. In this study, a simple conversion coating was carried out to overcome
the decay of magnesium, and the results showed that using the TA-HYA coating reduced
the corrosion rate and was effective for coating the AZ31B magnesium alloy.

2. Materials and Methods
2.1. Materials

Hydrochloric acid (HCl), sodium chloride (NaCl), sodium bicarbonate (NaHCO3),
potassium chloride (KCl), dipotassium phosphate (KoHPO,4-3H,0), magnesium chlo-
ride hexahydrate (MgCl,-6H,0), calcium chloride (CaCly), sodium sulfate (NapSOy),
tris(hydroxymethyl)aminomethane (TRIS), and tannic acid (C74Hs,O44) were provided by
Merck (Darmstadt, Germany). Hexamethylenediamine (H,N(CH;)¢NH;) was provided by
Sigma-Aldrich (Singapore). Hyaluronic acid (C14H1NO;j1)n was provided by Fenchem
Biotek Co., Ltd., Nanjing, China, and AZ31B magnesium alloy was imported from Wuxi
Eternal Bliss Alloy Casting and Forging Co., Ltd., Wuxi, Jiangsu, China.

2.2. Sample Selection and Preparation

The material used in this study was AZ31B magnesium alloy. An AZ31B magnesium
alloy plate with the chemical composition listed in Table 1 was used for coating and
corrosion testing. Cutting and polishing of the sample surface was part of the sample
preparation process and was conducted in the following order: First, the AZ31B magnesium
alloy was processed into test sample dimensions of 20 mm x 20 mm X 1 mm via wire
cutting. After that, the sample’s surface was sanded using SiC emery paper with grids of
400, 800, 1500, and 2000.

Table 1. AZ31B magnesium alloy chemical composition [30]. Copyright 2015 Elsevier.

Material

Chemical Composition (%owt)

Al Fe Mn Ni Si Zn Mg

AZ31B Magnesium Alloy

2.25 0.005 0.44 0.001 0.016 1.10 Bal.

2.3. Fabrication of AZ31B/TA and AZ31B/TA/HYA

Tannic acid was mixed with hexamethylenediamine in the first layer to form an amine
group in tannic acid, and via chemical conversion, a tannic acid coating was formed on
the surface of the AZ31B magnesium alloy according to the methods of Cui et al. and
Chen et al. [31,32]. First, 200 mg of tannic acid was dissolved in 100 mL of an aqueous
solution. Hexamethylenediamine was then added to the tannic acid solution at a ratio of 1:1.
The AZ31B magnesium alloy sample was immersed in this solution for 6 h. After the immer-
sion process, the sample was removed and dried at room temperature. The second coating
procedure was based on the research of Zhou et al. [28]; the coating process used 200 mg
of hyaluronic acid dissolved in 100 mL of aqua demineralization. The dried sample from
the previous coating process was immersed in the solution for 12 h. After the immersion
process was completed, the sample was removed and dried at room temperature.
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2.4. Solution Preparation for Immersion Test

The coated samples were subjected to an in vitro corrosion test in a solution miming the
conditions observed in the human body. As a result, the test solution with simulated bodily
fluid, also known as SBF, had a controlled temperature of 36-37 °C. The ion concentration
in the SBF solution was identical to that in human blood plasma. The SBF solution was
created based on the study conducted by Oyane et al. [31]. SBF type ¢ was chosen as the
SBEF solution because it has an ion concentration similar to blood plasma and can create
apatite from the bone. The following is a description of how to create an SBF solution. The
reagents used to prepare the SBF solutions are listed in Table 2.

Table 2. Chemical composition of SBF solution (g-L~1) [31]. Copyright 2003 Wiley.

Composition
Reagents

Purity (%) c-SBF

NaCl >99.5 8.036 g
NaHCO; >99.5 0352¢g
KCl1 >99.5 0.255¢g
Ky;HPO4-3H,O >99 0.230 g
MgCl,-6H,0O >98 0311g
1.0 M-HC1 - 40 mL
CaCl, >95 0.293 g
NaySO4 >99 0072 ¢g
TRIS >99.9 6.603 g
1.0-HCl1 - +0.2mL

First, 700 mL of aqua demineralization was placed in a 1 L measuring cup and
placed on a hot plate stirrer. Aqua demineralization was heated to a temperature of
36.5 °C and stirred using a magnetic stirrer. The reagents listed in Table 2 were dissolved
sequentially. After all the reagents were dissolved, we ensured that no precipitate was
formed in the solution, so that the SBF solution could be completely formed. Next, a 1.0 M
HCl solution was added to obtain a final pH of 7.4, the SBF solution was cooled, and aqua
demineralization was added to a volume of 1000 mL. The SBF solution was maintained at
5-10 °C for a maximum of eight weeks when not used [31].

2.5. Contact Angle Test

A contact angle test on the samples was performed to determine the angle created
on the surface of the sample by dripping liquid. The test work steps were carried out as
follows: AZ31B, AZ31B/TA, and AZ31B/TA/HYA were placed on the holder, pointing
at the camera lens. The sample was dripped with liquid media in the form of aqua
demineralization on its surface. After the liquid was dripped, the surface of the sample was
photographed. The image was processed using Image]J software to determine the contact
angle formed. Work steps were repeated using a liquid medium in the form of an SBE. The
contact angle data in each sample can be used to determine the adhesion energy by using
the equation below [32].

Wag =v1v (1 + cosb) 1

Information:

W,q : adhesion energy (m]/m?)
Y1y : surface tension (mJ/m?)
6 : Contact angle between the liquid and the sample surface (°)

2.6. Corrosion Evaluation

Corrosion evaluation was performed on pure AZ31B as the control, AZ31B/TA, and
AZ31B/TA/HYA samples. The comparative corrosion behavior was investigated through
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immersion, polarization, and electrochemical impedance spectroscopy tests. The details of
each test are explained below.

2.6.1. Immersion Test

During the immersion, changes in the mass of the sample with SBF were observed
using the sample immersion test method. The initial mass of each sample was measured
using a scale before the immersion. The samples were then immersed in the SBF solution
(chemical composition listed in Table 2) for seven days and weighed every three days.
Every day, the SBF solution was replaced with a new one to keep the ion concentration in
the SBF equal to blood plasma and the pH stable. Samples were taken from the SBF solution
and dried after seven days of SBF immersion. The sample was dissolved in a solution of
CrOs; (200 g/L) and AgNO3 (10 g/L) for 10 min to remove the corrosion products [33]. The
cleaned sample was then weighed at its final mass to observe the change in mass after the
immersion test.

2.6.2. Tafel Polarization Test

The sample was connected to a wire and mounted in a polarizing chamber. Subse-
quently, the SBF solution was placed in a polarizing container. The reference and auxiliary
electrodes were mounted on a sample submerged in the SBF solution. The three electrodes
were wired to connect to VersaSTAT. We allowed 15 min for the system to stabilize, started
the system after 15 min, and waited for the polarization curve to finish. These steps were
repeated for the different samples.

2.6.3. Electrochemical Impedance Spectroscopy Test

The sample was connected to a wire, and a chamber was installed. The SBF solution
was then transferred to a container. Reference and auxiliary electrodes were inserted into
the chamber. The three electrodes were connected to a Gamry potentiometer by cables. The
Gamry application was opened to enter the test parameter data: minimum frequency of
0.01 Hz, maximum frequency of 10,000 Hz, and AC potential with an amplitude of 10 mV.
Subsequently, the system was allowed to stabilize for 15 min. We started the system after
15 min and waited for the Nyquist curve to appear; we repeated these steps for the different
samples. The test data were then entered into the ZSimpWin application to match with an
electrical circuit equivalent to the experiment to obtain the electrochemical data.

2.6.4. Surface Characterization

The morphologies of the samples were examined using a scanning electron micro-
scope (SEM) (SU3500, Hitachi, Tokyo, Japan). Chemical characterization of the samples
was performed using Fourier transform infrared spectroscopy (FTIR) (IRPrestige 21, Shi-
madzu, Japan). X-ray diffraction (XRD) characterization was carried out on samples
AZ31B/TA/HYA after immersion to identify the corrosion product compounds produced.
XRD measurements of the samples were performed using a D8-Advance, Bruker AXS
Inc., Madison, WI, USA. The scan rate was 5° /min using a Cu-K« anode with an analysis
window ranging from 10° to 60°. The phase identifications were performed by comparison
to ICCD-PDF Database.

3. Results and Discussion
3.1. Surface Morphological Analysis of Samples after Coating

A qualitative morphological investigation using SEM on AZ31B magnesium alloy
coated with tannic acid (AZ31B/TA) and hyaluronic acid (AZ31B/TA/HYA) is shown in
Figure 1. Figure 1A shows the surface of the native sample of AZ31B magnesium alloy;
minor scratches from the polishing process can still be observed on the sample surface. The
tannic acid coating was formed on the surface of the sample AZ31B (Figure 1B). Cracks
emerge in the layer as a result of the surface of the sample reacting with the tannic acid
solution, releasing magnesium ions, which can combine with H,O compounds to create
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the corrosion product Mg(OH),, which shields the sample surface but is fragile and easy to
shatter. When the immersion procedure was performed for 6 h, a layer of tannic acid formed
on the surface of the sample, preventing the surface from reacting with H,O compounds to
generate Mg(OH); compounds. The weight ratio of tannic acid to hexamethylenediamine
employed was 1:1 because if the concentration of hexamethylenediamine is higher than
that of tannic acid, forming a layer of Mg(OH); is problematic, resulting in lower corrosion
resistance [33].

Figure 1. The SEM images of different samples (A) Native AZ31B; (B) AZ31B/TA; and
(C) AZ31B/TA/HYA.

SEM studies of the surface of the AZ31B sample (Figure 1C) with added hyaluronic
acid coating following coating with tannic acid revealed that there were no cracks or holes.
This means that the hyaluronic acid layer filled the cracks left by the former coating. This
is consistent with the authors’ statement that hyaluronic acid can cover cracks caused by
the polydopamine coating on the surface of the coated magnesium alloy [28]. Following
the SEM examination, the sample was characterized using EDS to determine the elements
present on the surface of the sample. According to Table 3, the sample AZ31B/surface TA
contains elements of C and O with % weights of 63.30% and 27.18%, respectively, indicating
that a layer of tannic acid has been deposited on the sample’s surface. There is also an Mg
element with a % weight of 9.30%, which could indicate the formation of Mg(OH).

Table 3. EDS results of samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA after coating.

Samples (%wt)

Elements
AZ31B AZ31B/TA AZ31B/TA/HYA
Magnesium 95.96 9.3 0.58
Aluminium 3.29 0.22 -
Zinc 0.75 - -
Carbon - 63.3 46.19
Oxygen - 27.18 53.23

Following the application of a hyaluronic acid coating, elements of C (carbon) and O
(oxygen) with % weights of 46.19% and 53.23%, respectively, can be found on the surface
of the sample AZ31B/TA/HYA. As a result, the presence of these elements can be a
precursor for hyaluronic acid deposition on the sample surface. It can be seen that the
AZ31B/TA/HYA sample has a lower percentage of element C produced by EDS than
the AZ31B/TA sample. This is due to the fact that the EDS characterization penetrates
100 nm-1 pm from the sample’s top surface [34]. As a result, the surface of the EDS-
analyzed sample AZ31B/TA /HYA is the surface of the hyaluronic acid layer, which has less
carbon than tannic acid. Furthermore, the percentage of O in the AZ31B/TA /HYA sample
was higher than that in the AZ31B/TA sample. This is because, during the layer formation
process, hyaluronic acid can form hydrogen bonds with water molecules, increasing the
oxygen content of the AZ131B/TA /HYA samples [35]. Because EDS characterization can
only show the elements in a specific area on the sample surface and cannot explain the
presence of functional groups in the layer to demonstrate the tannic acid-hyaluronic acid
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layer reaction, further characterization of the layer formed on the sample surface was
required.

3.2. FTIR Characterization Analysis

After SBF immersion for seven days, FTIR characterization of the sample surface
was performed to identify the functional groups present in the samples AZ31B/TA,
AZ31B/TA/HYA, and AZ31B/TA/HYA. The FTIR results are shown in Figure 2. Based
on Figure 2, the identification of functional groups that correspond to the peaks of the
FTIR spectra of the AZ31B/TA, AZ31B/TA/HYA, and AZ31B/TA/HYA samples after SBF
immersion for seven days can be seen in Table 4.

AZ31B/TA/HYA 7 Days Immersion
AZ31BITA/HYA
AZ31BITA

Transmittance %

......

T T T T Iu m"l
4000 3500 3,000 2500 2000 1500 1,000

Wavenumber (cm!)

Figure 2. FTIR characteristics of AZ31B, AZ31B/TA, and AZ31B/TA/HYA, after seven days
SBF immersion.

Table 4. Identification results of functional groups in the sample after seven days of SBF immersion.

Samples Wav(znmuiri\)b ers Functional Groups
AZ31B/TA 1074.35 Primary amine
1205.51 Phenol
1350.17 Aromatic secondary amine
1498.69 C=C-C Aromatic ring stretch
1602.85 -C=N-
1705.07 Ketone (C=0)
2860.43 Methylene (>CH?2)
3390.86 Hydroxyl group
AZ31B/TA/HYA 1072.42 Primary amine
1213.23 Phenol
1367.53 Carboxylate
1425.40 -OH from carboxylic acid
1496.76 C=C-C Aromatic ring stretch
1633.71 Amide
2862.36 Methylene (>CH2)
3408.22 Hydroxyl group
867.97 Carbonate ion
AZ31B/TA/HYA after seven 1053.13 Phosphate ion
days of SBF immersion 1479.40 Carbonate ion
3427.51 Hydroxyl Group

Tannic acid can be identified by FTIR characterization in the presence of OH groups,
C=C-C aromatic rings, C=0, and phenol groups [36]. According to Table 4, OH, C=C-
C aromatic rings, C=0, and phenol groups were identified in the AZ31B/TA sample,



Metals 2023, 13, 494

8 of 18

indicating the formation of tannic acid in the coating. According to Chen et al., the
primary amine group that emerged was hexamethylenediamine, implying that tannic
acid and hexamethylenediamine cross-linking were achieved [37]. Tannic acid binds to
hexamethylenediamine through Michael’s addition reaction and Schiff’s base reaction. The
Michael addition reaction involves the cleavage of the double of the benzene ring, resulting
in the formation of a C-N bond. The presence of a double bond between the C element of
tannic acid and the N element of hexamethylenediamine (-C=N-) indicates a Schiff’s base
reaction. The presence of OH, carboxylate, and amide groups in the FTIR characterization
can be used to identify hyaluronic acid, according to Chui et al. [38]. The OH, carboxylate,
and amide groups were identified in the FTIR spectra of the AZ31B/TA/HYA samples
(Table 4), indicating the formation of hyaluronic acid in the coating. Covalent bonds
form between the carboxyl group of hyaluronic acid and the amine group of tannic acid,
immobilizing hyaluronic acid in the tannic acid layer [28,33]. After an immersion test
for seven days, the FTIR results of the AZ31B/TA/HYA samples revealed the presence
of phosphate and carbonate ions. The appearance of phosphate ions and carbonate ions
in the FTIR results, according to Zhu et al., can lead to the formation of hydroxyapatite
compounds on the sample surface [21].

3.3. Surface Properties Analysis of Samples in Contact with Liquids

To observe the surface of the sample in contact with the liquid, the contact angle on
the surface of the sample was measured using water. The results of the contact angle
measurement on the AZ31B, AZ31B/TA, and AZ31B/TA/HYA samples are shown in
Figure 3. The water contact angle measurement data are shown in Figure 3A. The con-
tact angle values of the three samples were below 90°, indicating that the surface of the
sample was hydrophilic [25]. Furthermore, for samples coated with the sample sequence
AZ31B > AZ31B/TA > AZ31B/TA/HYA, the contact angle decreased in both water and
SBF solutions. The AZ31B/TA/HYA samples had the lowest contact angle values in both
aqueous and SBF media, indicating that they increased the hydrophilic properties of the
samples. The hydrophilic surface of the sample can have a higher cell affinity than the
hydrophobic surface [15]. When the surface of the sample AZ31B/TA/HYA was in contact
with water, the contact angle was 31.8°, whereas when the surface was in contact with the
SBF solution, the contact angle was 28°. According to Asgari et al., a contact angle range of
20-40° can provide a high level of cell adhesion, allowing the AZ31B/TA /HYA sample to
provide a better cell adhesion site. The adhesion energy was calculated using the contact
angle data from the three samples using Equation (1), where the surface tension of the
water was 72.32 mJ/m?, and that of the SBF solution was 72.53 mJ/m? [32].

Figure 3B shows a graph of the adhesion energy data for AZ31B, AZ31B/TA, and
AZ31B/TA/HYA. According to Indira et al. [32], the contact angle of the sample surface
affects the increase in the adhesion energy value. The smaller the contact angle, the greater
the value of the adhesion energy. With a value of 133.61 mJ/m? on water media and
137.72 m]/m? on SBF solution media, the AZ31B/TA /HYA sample with the smallest con-
tact angle will produce the highest adhesion energy value. The difference in contact angle
and adhesion energy between the water medium and the SBF solution can be explained
by the presence of ions in the SBF solution that react with the sample surface, reducing
the contact angle and increasing the adhesion energy. The effect of the TA/HYA coating
on the AZ31B sample, which can reduce the contact angle and increase the adhesion en-
ergy, indicated that the TA/HYA coating can improve the bio-wettability of the AZ31B
sample [32].
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Figure 3. (A) Water contact angle data on samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA;
(B) Adhesion energy data on samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA.

3.4. Tafel Polarization Analysis

The cathodic polarization curve on the lower part of the curve, which shows the
hydrogen evolution reaction, and the anodic polarization curve on the upper part of the
curve, which shows the magnesium dissolution reaction, are the two branches of the Tafel
polarization curve. The tafel polarization curve results show that coating the AZ31B sample
with both TA and TA/HYA causes the curve to shift in a more positive direction on the
y-axis. The measured corrosion potential value in the AZ31B/TA /HYA sample was more
positive owing to the largest curve shift on the y-axis for the AZ31B sample. Because the
energy required to remove electrons in the AZ31B/TA/HYA sample was higher, it was
more difficult for the sample to remove electrons, indicating that the magnesium dissolution
oxidation reaction in the AZ31B/TA /HYA sample was slower than that in AZ31B/TA
sample. It will also inhibit the hydrogen evolution reaction in the sample by inhibiting
the oxidation reaction [33]. Ecorr and Ieorr values for each sample were determined and
shown in Figure 4A for tafel polarization, and Figure 4B for OCP curve on samples AZ31B,
AZ31B/TA, and AZ31B/TA/HYA.

According to the data in Table 5, the Ecorr value of the coated sample increased, with
the AZ31B/TA/HYA sample having the highest Ecorr value of —1.447 V. The potential of
the AZ31B/TA /HYA sample was higher than that of the AZ31B sample. TA and AZ31B
indicate that the formed layer is more difficult to damage, thereby increasing the corrosion
resistance of the sample [21]. Furthermore, based on the I,y value of each sample, it can
be seen that there is a decrease in Iorr in the order AZ31B/TA/HYA < AZ31B/TA < AZ31B.
The Loy value is derived from electron transfer from the anode to the cathode, resulting in
an electric current. The higher the I.or value, the faster the electron transfer at the anode,
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resulting in an oxidation reaction that causes corrosion. The reaction that occurs on the
surface of the magnesium alloy is as follows [39]:

Anodic Reaction : Mg — Mg?*™ + 2e~

Catodic Reaction : 2H,O +2e~ — H,; +20H™
Formation Product Corrosion : Mg?™ +20H™ — Mg(OH),

-1.50

AZ31B f—AZ31B/TAHYA
104 AZ31BTA ——AZ3IBTA
AZ31B/TA/HYA —AZ31B
-1.24
a 9 ~1.55 4
2 2
« 144 =
2 g
e =
5 -1.64
= ~1.60 4
-1.8 4
20 T T T T T T T -1.65 T T T T T
-9 -8 -7 -6 -5 —4 -3 -2 0 200 400 600 800
Log I, (A/em?) Time (s)

Figure 4. (A) Tafel polarization curve on samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA;
(B) OCP curve on samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA.

Table 5. Ecorr and Icorr data on AZ31B, AZ31B/TA, and AZ31B/TA /HYA samples.

Samples Ecorr (V) log Icorr (Alcm?) Icorr (A/cm?) Ba (V.dec™1) Bc (V.dec 1)
AZ31B —1.6101 —3.4816 329 x 1074 0.12 0.12
AZ31B/TA —1.5412 —3.9280 1.18 x 1074 0.09 0.09
AZ31B/TA/HYA —1.4470 —5.0406 9.11 x 107 0.54 0.14

By contrast, the lower the Lo value, the slower the electron transfer from the anode,
making it more corrosion resistant [21,33] With a decrease in Icorr, the corrosion resistance
increased in the coated sample, with the AZ31B/TA/HYA sample having the highest
corrosion resistance. Furthermore, to predict the corrosion rate in each sample, we can use
the Icorr data from each sample, which can also be an indicator of the corrosion resistance
of the sample. The corrosion rate of each sample is shown in Figure 5.
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Figure 5. Corrosion rate value on sampleAZ31B; AZ31B/TA; and AZ31B/TA/HYA.

The ability of the AZ31B/TA and AZ31B/TA/HYA samples to withstand the corrosion
rate on the magnesium alloy sample AZ31B after the coating is due to the ability of the
tannic acid layer to bind Mg?* via chelation bonds to form complex Mg-tannic bonds, with
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Mg?* bound to the tannic acid layer. This can prevent the dissolving of Mg in the sample,
increasing the corrosion resistance of the coating [40]. The increase in corrosion resistance
in the sample AZ31B/TA/HYA was due to the tannic acid layer on the sample surface
and the hyaluronic acid layer on top of the tannic acid layer. The carboxylate group in the
hyaluronic acid layer binds Ca?* ions from the SBF solution to the sample surface when
the sample is immersed. Additionally, Ca®* ions on the sample surface bind to PO,3~
produced by the SBF solution reaction, forming a hydroxyapatite compound on the sample
surface that will act as a corrosion inhibitor [33].

3.5. Electrochemical Impedance Spectroscopy Analysis

Electrochemical impedance spectroscopy testing of the sample was performed to
determine the charge transfer resistance that occurred in the sample, both uncoated and
after coating. The results of the EIS test were in the form of a nyquist curve, as shown in
Figure 6A. The nyquist curve is a semicircular curve with an imperfect shape that depicts
the process of interfacial charge transfer between the electrode, electrolyte, and the coating
layer on the sample surface. All of the coated samples increased the diameter of the
semicircle when compared to the AZ31B sample, with the AZ31B/TA/HYA sample having
the largest diameter, thus showing the best corrosion resistance among the other samples.
Figure 6B,C present the bode impedance and bode phase plots for AZ31B, AZ31B/TA, and
AZ31B/TA/HYA. The equivalent electrical circuit model shown in Figure 6D was used to
install the impedance spectrum data for AZ31B, AZ31B/TA, and AZ31B/TA/HYA.

The series circuit represents the arrangement of the SBF solution, coating layer, and
magnesium base in this equivalent electrical circuit, whereas the parallel circuit represents
phenomena in the sample, such as double-layer formation, electron transfer, and corrosion
systems. The resistance (R), a constant phase element (Q), and an inductance comprise
an equivalent electrical circuit (L). In an electrical circuit, the resistance is made up of Rs,
which stands for solution resistance, Rct, which represents the charge transfer resistance, Rp,
which represents the coating resistance, and RL, which represents the inductor resistance.
Additionally, using the equation from [41,42] the value of the constant phase element can
be found for the Cdl value representing the double-layer capacitance and the Cp value
representing the coating capacitance. As shown in Table 6, the electrochemical data were
obtained from the test results.

0 1x10°  2x10°  3x10°  4x10° 5x10° 6x10° 001 0.1 1 10 100 1,000 10,000 100,000 001 0.1 1 10 100 1,000 10,000 100,000
2/ kQ em? Frequency/Hz Frequency

—NWT+—W——
Rs _@_MRL Rs
Rp

Figure 6. (A) A nyquist curve on the samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA; (B) Bode
impedance plot on the samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA,; (C) Bode phase plot on
the samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA; and (D) Equivalent electrical circuit (left)
AZ31B without coating; (right) AZ31B with coating.

Rct
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Table 6. EIS measurement results on samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA.
Samples AZ31B AZ31B/TA AZ31B/TA/HYA
Rs (Q cm?) 14.02 20.82 17.32
Cp (F/cm?) - 1.487 x 10~° 2.171 x 10~°
Rp (Q cm?) - 206.9 535.6
Cdl (F/cm?) 1.345 x 107> 5.896 x 10~° 2937 x 107°
Rct (Q cm?) 1.823 x 10* 4.676 x 10° 1.284 x 10°
Rp (O cm?) 1.592 x 104 - -
L (Henri) 1.079 x 10* - -

The notch on the Nyquist curve formed by the inductance values obtained from the EIS
results for the AZ31B sample without coating indicates that the AZ31B sample was contin-
uously dissolved by charge transfer between the surface of the AZ31B sample and the SBF
solution [43]. The Rct value is directly proportional to the difficulty of removing electrons
from the sample metal and thus to the corrosion reaction in the sample [33]. As shown in
Table 6, the sample AZ31B/TA/HYA has the highest Ret value (1.284 x 10° cm?), followed
by the sample AZ31B/TA (4.676 x 10° cm?2), and then the AZ31B (1.823 x 10* cm?2) samples.
As aresult, the AZ31B/TA /HYA sample had a higher Rct value than the AZ31B/TA sample
and the AZ31B samples, indicating a better corrosion resistance increase. Furthermore, it
can be seen that the Cdl value decreased after the coating process was completed on the
sample, which could be due to absorption affecting the double layer present at the sample
surface-SBF solution interface. The ions from the solution are adsorbed onto the sample
surface, forming a double-layer [43]. The AZ31B/TA/HYA sample had the lowest Cdl
value, with a value of 2.937 x 10~° F/cm?, compared to the AZ31B/TA sample, which
had a Cdl value of 5.8962 x 10~° F/cm?, and the AZ31B sample, which had a Cdl value of
1.3452 x 1075 F/cm?. A low Cdl value indicates an increase in the thickness of the double
layer owing to the absorption of ions from the SBF solution so as to form a protective layer
on the sample surface.

3.6. Surface Morphological Analysis of Samples after Immersion Test

After the immersion test was carried out for seven days in the SBF solution on each
sample, observations were made on the sample surface using SEM. The SEM observations
are shown in Figure 7. Figure 7A shows the surface of the AZ31B sample, which shows that
corrosion occurred, with cracks that are deeper and more numerous than in the samples
that were coated with the coating process. Cracks were observed in samples AZ31B/TA
and AZ31/TA/HYA; however, they were not as deep as the cracks in sample AZ31B. As a
result of the interaction between the sample and the SBF solution, corrosion was deposited
onto the sample surface during the immersion test, and it began to cover the cracks on the
sample surface. Furthermore, EDS characterization was carried out on the surface of the
sample that had been immersed for seven days. The results of EDS characterization are
presented in Table 7.
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Figure 7. The SEM images of different samples after seven days of SBF immersion (A) Native AZ31B;
(B) AZ31B/TA; and (C) AZ31B/TA/HYA.
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Table 7. EDS results of samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA after seven days SBF
immersion test.

Samples (% wt)

Samples
AZ31B AZ31B/TA AZ31B/TA/HYA
Magnesium 14.94 7.31 5.74
Calcium 12.95 14.96 16.28
Phosphorus 18.93 27.53 30.16
Carbon 43 5.67 5.00
Oxygen 48.88 44.54 53.23

After the immersion test, Ca and P were present on the surface of the sample, according
to the EDS data in Table 7. The SBF solution used as the immersion test solution contained
these two elements. With a value of 16.28%, the AZ31B/TA /HYA sample had the highest
percentage of Ca, followed by the AZ31B/TA sample with a value of 14.96%, and the AZ31B
sample with a value of 12.95%. Furthermore, the percentage of P in the AZ31B/TA/HYA
sample was 30.16%, followed by the AZ31B/TA sample with a value of 27.53%, and the
AZ31B sample with a value of 18.93%. The occurrence of a biomineralization process in each
sample can be determined by the deposition of Ca and P elements on the sample surface.
Owing to the presence of intermolecular chelation bonds of hyaluronic acid through the
carboxyl group (COO™), which bind calcium ions (Ca2*), the presence of hyaluronic acid
in the sample AZ31B/TA/HYA promotes crystal nucleation and deposition of calcium
phosphate on the sample surface [44,45]. EDS data, on the other hand, cannot be used to
determine the type of compound formed on the sample surface [46]. Therefore, additional
characterization of the immersion test sample surface was required.

3.7. X-ray Diffraction Analysis

After immersion for seven days, XRD characterization was performed on the sample
to identify the compounds present. The XRD curve results were matched with Crystal-
lography Open Database (COD) data in the software named Match! and Figure 8 shows
that all the samples identified magnesium at a diffraction angle of 20 with values of 32.2°,
34.55°, 36.76°, and 47.98°, which matched the COD ID data 9013054. Furthermore, in
the samples AZ31B/TA and AZ31B/TA/HYA, the diffraction angle value of 26 in the
range of 10°-30° show that a peak with low counts appears at 25.2°, indicating that there
is a layer of tannic acid on the surface of the sample. Apart from the presence of tannic
acid, no crystalline phase was found in the 10°-30° range, implying that the layer formed
was an amorphous [47]. The hydroxyapatite compounds were found to be 25.9°, 31.89°,
32.2°,32.87°,40.02°, 46.78°, and 49.6°, at a diffraction angle of 26 in the XRD results of the
AZ31B/TA/HYA samples after the immersion process, according to COD ID data 9011091.
Furthermore, Mg3(PO4), compounds were detected at a diffraction angle of 20 with values
of 28.1°, 30.21°, and 56.4° which are in accordance with the COD ID data 1008830, and
Mg(OH), compounds were also found at a diffraction angle of 26 with a value of 57.55°,
which is in accordance with the COD ID data 9003875. Furthermore, the results of the
sample compounds after seven days of SBF immersion on AZ31B/TA/HYA are shown
in Table 8.

Table 8. Sample compounds after seven days of SBF immersion on AZ31B/TA/HYA.

Compound Formula Compound Name COD Number
Mg Magnesium 9013054
Caz(POy4);OH Hydroxyapatite 9011091
Mg3(POy)2 Magnesium Phosphate 1008830

Mg(OH); Magnesium Hydroxide 9003875
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Figure 8. XRD results of samples AZ31B, AZ31B/TA, and AZ31B/TA/HYA after seven days of SBF
immersion test.

The formation of hydroxyapatite compounds identified on the surface of the AZ31B/
TA /HYA samples from the XRD characterization occurred because the TA/HYA layer has
a carboxyl group that binds to Ca?* ions and then Ca?* ions will bind to PO, ions to form
hydroxyapatite through a reaction that starts with the reduction of HyPO, ~ and HPO,2~
derived from the SBF solution [40]. Furthermore, Ca?* ions will bind to PO43~ ions to form
hydroxyapatite through the following reaction [40,48]:

H,0, +2e~ — 20H" @)
HPO, +OH™~ — HPO3™ + H,0 €)
HPO; +OH™ — PO +H,O (4)
10Ca>" +6PO3~ +20H™ — > Cayg(POy)4(OH), (5)

Covering the cracks with hydroxyapatite increases the corrosion resistance of the
magnesium alloy sample [40]. However, the formation of hydroxyapatite was inhibited
because of the reaction that occurred between the sample and SBF solution during the
immersion test. This is initiated by the corrosion reaction that occurs on the surface of the
magnesium alloy.

The formed Mg(OH), compound can react with chloride ions from the SBF solution
to convert Mg(OH), into the more soluble MgCl,, thereby increasing the dissolution of
magnesium AZ31B [49]. When the immersion test was carried out on the sample for seven
days, there was an increase in Mg?* ions, which would block the hydroxyapatite growth
site on the sample surface, thereby reducing the precipitation on the magnesium surface.
The mechanism of inhibition of hydroxyapatite growth begins with Mg?* ions which react
with HPO*~ ions to form Mg(H,PO4)? compounds, which, when reacted with water, form
Mg3(POy), corrosion products [50]. H3PO4 consumes OH, which accelerates the reaction
and promotes precipitation of insoluble Mg3(POy),. The formation of hydroxyapatite was
inhibited by the corrosion product deposits.

3.8. Mass Changes Analysis in Seven Days of SBF Immersion

After the SBF immersion test process was completed and the sample surface was
cleaned to remove corrosion products, the sample will experience a mass change, as shown
in Table 9. After the corrosion products were removed from the surface of the sample
during the immersion test process for seven days, the mass of the AZ31B, AZ31B/TA,
AZ31B/TA/HYA samples decreased by 0.151 g, 0.100 g, and 0.100 g, respectively. The mass
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reduction in the sample can be attributed to the pH changes that occur in the sample after
seven days of SBF immersion, as shown in Figure 9.

Table 9. Mass change data of each sample afterseven days of SBF immersion test.

Mass (gr)
Samples - 5 - Mass Difference (gr) Star}da}rd
Before Immersion Test  After Immersion Test Deviation
AZ31B 0.610 0.459 —0.151 0.0037
AZ31B/TA 0.410 0.310 —0.100 0.0055
AZ31B/TA/HYA 0.370 0.310 —0.060 0.0050
88 & AZ31B
86 ] " A AZI1BITAHYA]
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Figure 9. Changes in the pH of the solution in the immersion process of AZ31B, AZ31B/TA, and
AZ31B/TA/HYA samples for seven days.

Figure 9 shows that the three samples had a significant increase in pH after the
first day of the immersion test. This increase in pH could be due to contact between
the sample surface and the SBF solution, resulting in the dissolution Mg?* and increase
in the concentration of OH™. Because there is an uncoated sample surface that is not
covered during the immersion test, contacts can occur in the samples AZ31B/TA and
AZ31B/TA/HYA. The coated surface will prevent the sample surface from making direct
contact with the SBF solution. The pH value decreased after soaking for seven days
compared to the first day, which could be due to the formation of a protective layer of
corrosion products which slows down the dissolution of Mg?* [23]. The pH of the sample
AZ31B/TA/HYA is lower than that of the samples AZ31B/TA and AZ31B. With a lower
pH after seven days of SBF immersion, it can be assumed that Mg?* dissolution and
OH™ concentration in the sample AZ31B/TA /HYA were lower, resulting in the lowest
mass reduction.

4. Conclusions

This study successfully fabricated a tannic acid-hyaluronic acid coating on the AZ31B
magnesium alloy. According to the SEM analysis, the surface of the AZ31B/TA sample
exhibited cracks that appeared in the layer. Because the hyaluronic acid layer had covered
the cracks caused by the tannic acid coating process, there were no visible cracks on the
surface of the AZ31B/TA /HYA sample. In this study, mineralization occurred in the pres-
ence of Ca and P deposits after the immersion test. This can increase corrosion resistance
because the layer can bind Mg?* ions and form hydroxyapatite above the layer. After the
coating process, there was a decrease in the contact angles of AZ31B, AZ31B/TA, and
AZ31B/TA/HYA using water media. The values were 62.5°, 35°, and 31.8°. The AZ31B
sample had an o of 3.29 X 104, the AZ31B/TA sample had an Iorr of 1.18 X 104, and
the AZ31B/TA/HYA sample had an Icorr of 9.11 X 10~°. With a decrease in Icorr, the corro-
sion resistance increased in the coated sample, with the AZ31B/TA /HYA sample having
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the highest corrosion resistance. The AZ31B sample had a corrosion rate of 7.379 mm/year,
the AZ31B/TA sample had a corrosion rate of 2.646 mm/year, and the AZ31B/TA/HYA
sample had a corrosion rate of 0.204 mm/year, which is within the implant corrosion rate
range (0.2-0.5 mm/year) and corresponds to bone growth within 3-6 months.
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