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Abstract: The aim of this work was to establish and characterize chitosan/graphene oxide- mag-
nesium oxide (CS/GO-MgO) nanocomposite coatings on biodegradable magnesium-zinc-cerium
(Mg-Zn-Ce) alloy. In comparison to that of pure CS coatings, all composite coatings encapsulating
GO-MgO had better adhesion strength to the Mg-Zn-Ce alloy substrate. The result depicted that the
co-encapsulation of GO-MgO into the CS layer leads to diminish of contact angle value and hence
escalates the hydrophilic characteristic of coated Mg alloy. The electrochemical test demonstrated that
the CS/GO-MgO coatings significantly increased the corrosion resistance because of the synergistic
effect of the GO and MgO inside the CS coating. The composite coating escalated cell viability and cell
differentiation, according to cytocompatibility tests due to the presence of GO and MgO within the CS.
The inclusion of GO-MgO in CS film, on the other hand, accelerates the formation of hydroxyapatite
(HA) during 14 days immersion in SBF. Immersion results, including weight loss and hydrogen
evolution tests, presented that CS/GO-MgO coating enables a considerably reduced degradation rate
of Mg-Zn-Ce alloy when compared to the bare alloy. In terms of antibacterial-inhibition properties,
the GO-MgO/CS coatings on Mg substrates showed antibacterial activity against Escherichia coli
(E. coli), with a large inhibition area around the specimens, particularly for the coating containing a
higher concentration of GO-MgO. Bacterial growth was not inhibited by the bare Mg alloy samples.
The CS/GO-MgO composite coating is regarded as a great film to enhance the corrosion resistance,
bioactivity, and antibacterial performance of Mg alloy implants.

Keywords: magnesium alloy; composite coating; structural characterization; mechanical properties;
bioactivity; antibacterial activity; biocompatibility

1. Introduction

Magnesium (Mg) and its alloys showed great potential in the manufacture of automo-
bile components, aviation constituents, and in the human body, owing to their outstanding
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mechanical properties and perfect biocompatibility. On the other hand, their current use
and future development are limited due to the high degradation rate of magnesium alloys
in corrosive solution containing chloride ions [1,2]. A variety of techniques were used
to decrease the corrosion rate of magnesium alloys. Laser surface alloying, conversion
coatings, electrochemical deposition, micro-arc oxidation, alkaline treatment, and sol-gel
coatings were all proposed as surface modification techniques [2,3]. Organic polymer
material composite coating via sol-gel methods were employed on the magnesium alloy
surface to reduce its degradation rate and further protect Mg alloy substrate exposed to
the SBF [4,5]. The bacterial infections related to implants are increasing and should not be
ignored [6–8]. The mentioned infections cause high medical costs and lead to higher suffer-
ing of patients. Preparation polymer layer over the surface of Mg alloy could also increase
antibacterial activity of the substrate and prevent the post infections of the body and thus
expanding their use in orthopedic applications. In this respect, the antibacterial properties
of chitosan (CS), a polysaccharide comprised of glucosamine and N-acetylglucosamine
units, are well known. CS in bulk has a wide range of applications as an antibacterial
coating layer besides its great biocompatibility, lack of toxicity, and biodegradability [6–8].
Bacterial growth was shown to be inhibited more effectively by CS–ZnO nanocomposite
films [8]. Furthermore, the antibacterial performance of CS–ZnO coating (the CS coatings
containing 0.05, 0.1, 0.15, and 0.2 g ZnO) against E. coli was demonstrated to be 1.2-fold
higher than that of the CS coating without ZnO [8]. Chitosan-based composites promote
the attachment of cells, cell proliferation, and differentiation due to structural similarities
between chitosan and extracellular matrix structures [9]. Although CS has low mechan-
ical strength, CS-based composites have the potential to enhance physical and chemical
properties [10,11]. Furthermore, in simulated inflammatory conditions, coatings containing
CS have higher adhesion strength and corrosion protection; for example, a hydroxyapatite
(HA)/CS composite presented higher level of protection and greater adhesive strength
than pure HA [12,13]. Hence, CS film adhesion strength, bioactivity, corrosion behavior,
and antibacterial performance could be improved by adding reinforcement particles like
MgO and GO [14,15].

MgO is biocompatible and can release magnesium ions, which can help human
metabolism [16]. Furthermore, several studies revealed direct MgO growth on graphene
due to solid interfacial bonding properties. This was suggested to be related to the strong
bond between carbon and oxygen [17]. Also, MgO could construct solid interfacial bonds
with the Mg matrix because of proper lattice matching, as exhibited by Y. Wang et al. [17,18].
The presence of a GO in a CS layer increases the antibacterial activity of a polymer layer
containing MgO nanoparticles (NPs) [14,19,20]. Because of its exceptional mechanical,
biological, chemical, and electrical characteristics, GO has found a special place in the
biomedical field in addition to its applications in electronics and chemicals [21]. Because
of their active functional groups, GO-modified surfaces contribute to improved protein-
surface interaction, resulting in improved cell attachment and proliferation [22]. Besides,
antibacterial properties and the ability to influence osteogenic differentiation are unique
properties that may cause GO to become a viable material for designing advanced or-
thopedic devices [20]. So far, no studies were conducted on the effect of CS/MgO-GO
nanocomposite coatings on corrosion behavior and antibacterial behavior of Mg alloys.
In this study, CS film and CS film incorporated with MgO-GO filler were coated on the
surface of Mg alloy using a dip-coating method to improve Mg alloy corrosion behavior
and antibacterial performance for orthopedic applications.

2. Experimental
2.1. Materials and Method

As-cast Mg-Zn-Ce samples with 10 mm × 10 mm × 5 mm dimensions were prepared
based on Ref [23]. For the coating process, CS powder with a molecular weight (MW)
of 190–310 kDa, MgO NPs (both purchased from Sigma-Aldrich, Gillingham, UK), and
graphene oxide (GO) powder prepared via oxidizing natural fake graphite using the
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modified Hummers method [24]. MgO/GO was fabricated with a simple solvothermal
method according to the Ref [25]. In 1000 mL of 2.0% acetic acid aqueous solution, chitosan
(1.5 g) was dissolved. After that, MgO/GO powder with various concentration (1, 2 and
3 wt.%) was added to the CS solution; to unified mixing of the powder in the chitosan
solution, the mixture was stirred for three hours with a magnetic stirrer and sonicated for
2 h (Qsonica, Q125, Power Rating = 125 W, Frequency = 20 kHz). The obtained CS/MgO-
GO was deposited 3 times using a dip-coating method [2] on the surface of polished Mg
alloys (Scheme 1). Each layer was dried at 40 ◦C for 24 h before the next layer was applied.
Finally, the coated samples were rinsed with a 0.1 M NaOH solution and then distilled
water to reduce the effect of acetic acid on the surfaces.
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Scheme 1. Schematic of preparation process of CS/MgO-GO nanocomposite coating on Mg alloy.

2.2. Microstructural Characterization

Microstructural characterizations were performed using a field emission scanning
electron microscope (FESEM, Tescan, Mira 3 Czech Republic, Prague, Czech Republic)
quipped with energy dispersive spectroscopy (EDS, JSM-5910LV, JOEL Ltd., Tokyo, Japan).
To reveal the phase components, X-ray diffraction (Philips PW3040, The Netherlands) with
Cu-Kα radiation (30 kV, 30 mA) was used. Transmission electron microscopy (TEM; Phillips
208 m) was employed to investigate the morphology of GO nano-platelets, and MgO-
GO composite powders. Fourier-transform infrared (FTIR; ALPHA-T, Bruker, Ettlingen,
Germany) spectroscopy in the spectral range of 4000 to 400 cm−1 for detecting functional
groups on the surface of coated specimens was employed. The bonding strength between
the coated layer and the Mg substrate was measured at a rate of 5 mm/min using an
ASTMF1044-05 universal tensile testing machine (RB 301 UNITECHM, Daejeon, Korea). A
contact angle (CA) meter (GBX Digidrop, Romans-sur-Isère, France) was used to investigate
the surface wettability caused by composite coating on Mg substrates. Deionized water was
used in this experiment, which was carefully discharged onto the coated Mg substrates.
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2.3. Corrosion Behavior

To investigate corrosion behavior, an EC-Lab machine was used to perform a po-
tentiometric polarization test in the SBF at a voltage range of −250 to +250 mVSCE an
open circuit potential at a rate of 0.5 mV/s. A graphite electrode was used as the counter
electrode, and a saturated calomel electrode (SCE) was used as the reference electrode, and
the samples were tested with a working electrode that had a surface area of 1 cm2 exposed
to the electrolyte. The corrosion potential, the current corrosion density, and slope of the
anodic and cathode curves were also determined using the EC-Lab express software. After
30 min of specimen placement in the SBF, electrochemical impedance spectrometry (EIS)
was used to achieve potential stability. Using an open circuit potential and a sine signal
with a potential amplitude of 10 mV, this test was performed in accordance with the ASTM
G106 standard at an open circuit potential in the range of 105 to 10−2 Hz. The samples
were immersed in 200 mL of Kokubo SBF solution for the immersion test, as per ASTM
G1-03 (pH 7.4). The composition of the Kokubo simulated body fluid (SBF) is presented in
the supporting information (Table S1). After each 24 h interval during the immersion test,
the variation in the pH value of the SBF solution (PHS-3C, Shanghai Lei Ci Device Works,
China) was recorded at a constant temperature of 37 ◦C for 3-, 7-, and 14-day durations.
The surface corrosion products of composites were cleaned with a chromic acid solution
(300 g/L Cr2O3 + 10 g/L AgNO3) prior to weight loss measurements [26]. The degradation
rate was calculated using the weight loss test according to the following equation:

CR =
W

A × t × d
(1)

where W, A, t, and d represent weight loss (g), sample area (cm2), exposure time (s), and
density (g/cm3). The CR unit is cm/s, which is converted to mm/year by multiplying
by 3.154 × 108. To achieve repeatable results, each test was repeated three times. In
addition, according to Ref. [26], the volume of H2 released as a result of the magnesium
dissolution was determined for 3-, 7-, and 14-day durations at a constant temperature of
37 ◦C. The coating containing MgO and GO were first immersed in SBF, then funneled, and
an upside-down burette filled with SBF placed directly above them to trap the H2 gas.

2.4. Antibacterial Activity

The antimicrobial activity against E. coli bacteria was determined using the disc
diffusion method to study the biological behavior of each uncoated and composite coated
(n = 3) sample. To achieve this, the sterile swab dipped in the microbial suspension was
flushed (by pressing swabs against the pipe’s side) and the cultivation environments were
lawns. The specimens were incubated in an agar medium for 1 day at 37 ◦C in an incubator.
According to Ref. [11], the inhibition area (IA) around the samples can reveal whether they
have antibacterial properties.

2.5. In-Vitro Biocompatibility

The in vitro cytotoxicity of nanocomposite coatings, both uncoated and coated, was
determined using an indirect 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium- bro-
mide (MTT, Sigma, Saint Louis, MO, USA) assay based on the extraction technique. The
nanocomposites coating were added to the culture medium and incubated for 3 and 5 days
at 37 ◦C. Human osteogenic sarcoma MG-63 cells line were cultivated under the standard
cell-culture conditions. The cell medium was refreshed with 3 and 5-day extracts after
104 cells/mL were refined on the 96-well plates for 24 h. After another 24 h, the medium
was removed, and 100 mL of MTT agents (0.5 mg/mL in PBS) were inoculated into each
well and kept in the incubator for 4 h. After 4 h, 100 µL of DMSO was injected into the well
to dissolve the formazan crystals. Finally, the absorbance was measured at 545 nm using
an ELISA Reader (Stat Fax-2100, Miami, FL, USA) and compared to a control group of free
nanocomposites culture medium. The samples were washed twice and then fixed with
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paraformaldehyde for alkaline phosphatase (ALP) activity tests after being cultured for 3
and 7 days, according to Ref. [11].

2.6. Statistical Analysis

The experimental data were evaluated using the program SPSS 19.0 and expressed
according to the average ± standard deviation. Student t-tests were performed be-tween
various groups to assess p values that were assumed to be significant when p < 0.05
was used.

3. Result and Discussion
3.1. Structural Characterization GO and MgO

The TEM image GO offers a flake-like shape with a thickness of almost 3–5 nm, which
is higher than that of neat graphene (0.355 nm) owing to the oxygenated groups in GO
as shown in Figure 1a. However, the TEM image of MgO/GO showed that the MgO
possesses a spherical shape, which merged and created an agglomerate within flake-like
shape of GO along with a mean particle size of almost 80–100 nm (Figure 1b). Moreover,
the images show the homogenous distribution of MgO inside the GO sheets with great
attachment. The homogeneous dispersion of nanofillers in the matrix, as described in the
literature, is an important requirement for preparing nanocomposite coating with unique
efficiency. As presented in Figure 1c, the XRD pattern of GO powder displays characteristic
peaks at 2θ = 10.03◦ and 42◦, connected to the preferable orientation (001) and (100) of GO,
respectively [25,27]. The XRD patterns of the MgO/GO powder clearly show the presence
of MgO, where the diffraction peaks appear at 37.50◦, 42.50◦, and 59.20◦ (JCPDS 87–0653)
corresponding to the (111), (200), and (220) respectively besides to the characteristic peaks
of GO (Figure 1d). The reflections from the (111), (200), (220), (311), and (222) planes of cubic
MgO were recognised in the XRD peaks which presented in the supporting information
(Figure S1b). Two dominant peaks were observed in the Raman spectra (Figure 1e) of the
neat GO, with D and G peaks being detected between 1355 and 1582 cm−1, which is aligned
with the vibrational modes of the D–band caused by structural defects and the G–band of
the graphic materials [25,27]. The D peak and G peak are attributed to the stretching of
the in-plane C–C bond in GO. The attained ID/IG intensity ratio values for GO are about
0.88 [28]. FT-IR spectra of GO, and MgO–GO are shown in Figure 1f. In the curve of GO,
the characteristic peaks at 3430 and 1712 cm−1 correspond to the stretching vibrations of
O–H and C=O bands, respectively, while the peak of C–OH at 1414 cm−1, the stretching
peak of C–C at 1052 cm−1, and the vibration peak of C=C at 1633 cm−1 and original peaks
of C=O (1740 cm−1), C–O–C (1242 cm−1), and C–O (1079 cm−1) is related to the GO. In the
FTIR spectrum of MgO/GO, the C=C peak (1650 cm−1) and C–OH peak (1401 cm−1) came
from GO [25,27], while the peak at 460 cm−1 corresponds to the vibration of the Mg–O
came from MgO.

3.2. Surface Analysis

As shown in Figure 2a, the microstructure of Mg-Zn-Ce alloy consists of α-Mg and a
small number of intermetallic phases, which are mainly located within grain boundaries.
According to the EDS test, Mg, Zn, and Ce are the marked area constituents, possibly
showing the presence of Mg12Ce phases (Figure 2b,c). The XRD analysis will confirm the
formation of the aforementioned phases.

Figure 3 shows the FESEM micrographs of the various surfaces. Without MgO-GO,
the surface of the CS-coated Mg substrate shows a smooth layer with several close pores
(Figure 3a). The evaporation of organic solvent during the drying process creates these
pores. The CS/(1–3)MgO-GO coating, on the other hand, has a unified surface with nano-
particle size MgO-GO dispersed throughout, as well as a bubble-like structure created on
the surface film (Figure 3b,c). The CS/2MgO-GO coating produced a more uniform layer
with less close porosity, which has a significant impact on the corrosion behavior of the
alloy. As the MgO-GO content increases, the surfaces of CS/GO films become rougher and
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more porous, as shown in Figure 3d. The EDS analysis (Area A–D) revealed that these
particles were mostly comprised of O and Mg elements, implying that they were MgO.
Both the GO and the CS matrix were found to be encapsulated in the deposited film, which
was affirmed more by the existence of carbon element.

 

Fig. 1 
Figure 1. Transmission Electron Microscopy (TEM) images of (a) GO, (b) MgO/GO powders; X-ray
Diffraction (XRD) patterns of (c) GO and (d) MgO-GO powders; and (e) Raman spectra of GO and
(f) Fourier Transform Infrared (FTIR) patterns of GO and MgO-GO powders.
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Mg alloys, and corresponding EDX analysis of Areas A, B, C, and D.

According to the XRD spectrum, the main phases in the Mg-Zn-Ce alloy are α-Mg,
and Mg12Ce (Figure 4a). The CS coating exhibited broad peaks at 2θ = 10◦–20◦, whereas
the CS/MgO-GO coating revealed the presence of an amorphous CS structure [29]. With
the addition of GO and MgO, the intensity of the characteristic peak of CS decreases,
indicating an increase in amorphous CS content. It was determined that the majority of the
CS/MgO-GO coating was comprised of Mg and MgO. The CS/MgO-GO coating showed
characteristic peaks at ~42.7◦ and ~62.1◦ related to (111) and (200) planes respectively
corresponding to MgO [18,30]. Because of the coating structure, the substrate peaks were
reflected in the patterns, allowing X-ray to reach the internal substrate. Commonly, the
diffraction peak of GO appears around 12◦, but no characteristic peak of GO was observed
in this work. This could be attributed to the prepared films possess low amount of GO
and also have poor crystallization [31]. In this respect, Askarnia et al. reported [12] that
characteristic diffraction of graphene oxide at about 2θ = 10◦ was not detectable due to the
low content of GO in HAp/CS/GO coatings.
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The presence of graphene oxide, CS, and MgO in the coating was confirmed using
FTIR analysis (Figure 4b). The most important bands in CS were stretching vibrations of O–
H from carbohydrate rings and adsorbed water (3500–3450 cm−1); N–H stretching in amine
and amide (∼3360 cm−1); carbonyl bond (C=O) vibration in amide group at 1653 cm−1

and N–H bending vibration of amine group at 1580 cm−1 [12,32]. The peaks at 1405.8, 1153,
and 1069.5 cm−1 correspond to the C−OH stretching vibration, C−C stretching vibration,
and C−O vibration, respectively [29]. Peaks at 1047.6 and 1621.1 cm−1 for GO nanosheets
correspond to the C−O−C stretching vibration and C−C stretching mode of the sp2 carbon
skeletal network, respectively. The −OH groups in adsorbed water were responsible for
the distinct peak at around 3400 cm−1. Because of these oxygen-containing functional
groups, GO is extremely hydrophilic [29]. As MgO increased up to 3 wt.%, a new peak at
3697 cm−1 was observed which is attributed to the stretching of H–O–H. It is well known
that H2O and CO2 molecules are easily chemisorbed onto MgO surface when exposed to
the atmosphere. However, as MgO concentration increased to 3 wt.%, this peak strength
became stronger. The peak at 568 cm−1 corresponds to the vibration of the Mg–O. The FTIR
spectra of CS/GO-MgO films clearly demonstrated that GO and MgO were combined in
the CS matrix.

The thickness of the CS/MgO-GO coating was determined by cross-section observa-
tion to be between 38–42 µm (Figure 5a). The thickness of the CS-based films with different
amounts of MgO-GO fillers did not differ significantly. Surface wettability is an important
factor influencing corrosion performance and bioactivity of biomaterials [33]. Contact angle
measurements were used to determine the wettability of the coated and uncoated samples
(Figure 5b). Bare Mg alloy and neat CS have water contact angles (WCA) of 92.3◦ and
84.4◦, respectively. Nevertheless, the WCA of the CS/MgO-GO coating decreased from
58.7◦ for 1MgO-GO to 51.2◦ for 3MgO-GO as the concentration of MgO-GO increased.
The surface wettability of the coated samples was higher than that of the uncoated Mg
alloy. This behavior can be attributed to the presence of functional groups (carboxyl group,
carbonyl group, and hydroxyl group) at the edges of GO, which contributes to the hy-
drophilicity of the coatings, as well as the hydrophilic nature of chitosan [12,33] in the
CS/MgO-GO nanocomposite coatings. Furthermore, increasing the MgO-GO content of
CS-based coatings improved their hydrophilicity characteristics.
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The adhesion test was used to evaluate the adhesion strength of the CS and CS/MgO-
GO nanocomposite coatings deposited on Mg alloy. According to Figure 6, the adhesion
of the CS coating on the Mg alloy was 2.64 MPa before composite coating, but this value
increased to 4.42 MPa after composite coating, demonstrating the effective role of MgO-GO
fillers in improving coating adhesion strength. In fact, one of the most important factors
in achieving long-term implant use without premature failure in vivo is strong interfacial
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bonding between them [22]. There are oxygen functional groups at the GO sheet’s edges
which can conveniently form hydrogen bonds with functional oxygen groups comprising
CS. At the same time, there is strong bonding between the Mg-O and CS layer sites (=O).
On the other hand, the integration of MgO-GO into the CS layer, on the other hand, has a
major effect on the adhesion strength between the Mg alloy specimen and the CS/MgO-GO
nanocomposite coating [22,26]. In this regard, it was reported [34] that the newly formed
hydroxyl groups on the Mg alloy surface may improve coating adhesion to the substrate
via chemical interaction with coating molecules.
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3.3. Corrosion Behavior

The corrosion resistance of Mg alloy, CS, and CS/MgO-GO was evaluated in SBF
using a potentiodynamic polarization test, and the corresponding polarization curves are
shown in Figure 7a. When compared to Mg alloy (icorr = 167.82 µA/cm2), the icorr value
of CS shifted to a relatively negative position (50.22 µA/cm2), whereas the icorr value of
CS/2MgO-GO presented a much lower corrosion current density (14.98 µA/cm2) when
compared to Mg alloy. The corrosion rate is known to be directly proportional to icorr.
Although the CS coating corroded more readily, this could be due to its porous surface
with more defect structure, which increased the contact area between the corrosive fluid
and the substrate [5]. The surface of the CS coating containing close pores was filled with
MgO-GO fillers, resulting in improved corrosion resistance of the composite coating.

EIS analysis was carried out by generating Nyquist plots for the bare Mg, CS, and
CS/MgO-GO coatings, as shown in Figure 7b. Based on the fitting results, the Rct values
for CS (1021.5 Ω.cm2) and CS/MgO-GO were 1536.5 Ω.cm2 (1MgO-GO), 1808.6 Ω.cm2

(2MgO-GO), and 1257.2 Ω.cm2 (3MgO-GO), which were significantly higher than the bare
Mg alloy (401.2 Ω.cm2). The results confirmed the higher electrochemical impedance
of the CS/MgO-GO composite coating for Mg alloy, protecting substrates from over-
quick degradation. The lower Rct value of CS/3MgO-GO coated specimens compared to
CS/2MgO-GO and CS/1MgO-GO coated samples is due to the presence of more MgO/GO
aggregates in the CS/3MgO-GO film, which led to the reduction in corrosion rate. A higher
value of the low-frequency impedance modulus, |Z|, indicates better corrosion protection
performance [35]. As shown in Figure 7c, the value of |Z| for the CS and CS/MgO-GO
coatings was greater than that of the uncoated Mg alloy. Furthermore, the phase angle (θ)
at high frequency can be used to assess the completeness of the coating under the influence
of corrosive electrolyte [35,36]. In Figure 7c, the phase angles of coated samples in the
medium frequency range became loftier, indicating that a passivation film had formed
on the surface of the samples as an inhibitor against corrosion. A complete coating has
a phase angle close to 90◦, whereas the bare substrate has a phase angle close to 0◦ [37].
The uncoated has a high frequency of phase angle of 50◦, demonstrating the sample’s
unsatisfactory integrity. The capacitance behavior of CS/MgO-GO coating has the widest
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frequency range, and its phase angle is increased by approximately 60◦, indicating that the
formation of CS/MgO-GO coating can improve the corrosion resistance of the substrate.
The equivalent is used to characterize the samples, where Rs denotes the solution resistance,
CPE coat denotes the coating capacitance, Rct denotes the charge transfer resistance, and
CPE-dl denotes the electric double-layer capacitance of the passive film (Figure 7d). This
finding indicates that the coencapsulation of MgO and GO fillers into CS film have the
potential to elevate the corrosion resistance of the Mg alloy substrate.
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Figure 7. Electrochemical measurements of uncoated, CS, CS/1MgO-GO, CS/2MgO-GO, and
CS/3MgO-GO coated Mg samples in m-SBF solution. (a) Potentiodynamic polarization curves;
(b) Nyquist plots and (c) representative impedance (Bode magnitude and phase) spectra; and
(d) equivalent circuit for impedance spectra.

The morphology of the surface of the various specimens after 14 days of immersion
in the SBF is depicted in Figure 8a–e. After 14 days, the uncoated Mg alloy showed
obvious degradation, with pitting corrosion clearly visible and a loose corrosion layer with
deep cracks developing on the uncoated Mg alloy. The CS coating, on the other hand,
remained intact after 14 days, with only a few surface cracks and no evidence of pitting
corrosion was found. A thick layer of biomineralization was present on the surface with
numerous white spherical particles, as seen in the high-magnification image. A similar
biomineralization layer was observed for the CS/MgO-GO coating. The CS/MgO-GO
coating’s biomineralization layer was smoother with fewer defects compared to CS coating.
According to the EDS spectra (Figure 8f), the precipitates layer consists of Mg, O, C, Ca, and
P demonstrating the Mg(OH)2 and hydroxyapatite (HAp) creation during the immersion.
A large amount of mineralization layer covered the surface of the CS/MgO-GO coated
film. After 14 days of immersion, CS containing GO and MgO deposited substrates show
the formation of compact apatite precipitates on their surfaces. The inclusion of graphene
oxide and MgO accelerate the formation of HAp on the coated surface. Surface functional
groups on the surface of GO and MgO, such as –COOH and –OH, act as nucleating centers
and provide a superior biomineralization process [21,22,33]. These functional groups
provide negative charges on the surfaces, which encourages more Ca2+ cations from the
SBF medium to interact electrostatically, resulting in the formation of an apatite-rich layer.
Furthermore, the hydroxyl ions (OH–) through SBF are electrically drawn to this Ca-rich
positively charged surface, resulting in the precipitation of a bone apatite compound on the
surfaces of the implant.
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During the biodegradation procedure, the coated Mg alloy had significantly lower
pH values than the Mg alloy without coating. During the first 7 days, the pH value of
the bare Mg alloy samples increased dramatically from 7.40 to 10.10, while the trend was
reversed for the coated Mg alloy samples, particularly the CS/MgO-GO samples (Figure 9a).
The pH value of the CS/MgO-GO coated Mg alloy sample increased steadily and slowly
over 14 days, changing only from 7.88 to 8.76. The slope of the pH curve of the bare
and coated samples decreased as the immersion time increased for all specimens. This
finding may be due to the samples’ reduced surface area, which delay initiation of corrosion
process. During the first few days of exposure, a larger surface region was exposed to
the solution, resulting in more degradation processes and the generation of hydroxide
(OH) ions, increasing the pH value. However, when the exposure time was increased
to 7 and 14 days, the pH value of the composites decreased and then remained stable.
This phenomenon could be explained by the longer immersion time, which results in the
development of protective films from corrosion products on the sample surface. These
corrosion product films inhibit the specimens from coming into direct contact with the
solution, lowering the pH of the specimens. Meanwhile, as shown in Figure 9b, after
14 days of immersion, the coated samples released significantly less hydrogen than the
bare Mg alloy (22.8 mL/cm2). The measured volume of hydrogen evolution for CS coated
samples was 12.7 mL/cm2, 8.8 mL/cm2 for CS/1MgO-GO coating, and 7.9 mL/cm2 for
CS/2MgO-GO coating, all of which agreed with the pH value results. This was mainly
due to the compact and protective layer of CS/MgO-GO that was effectively applied to
the Mg alloy surface, which can successfully preserve the substrate from the corrosion
medium and certainly decrease the hydrogen evolution rate [37]. Furthermore, the weight
loss of the CS/MgO-GO sample was 0.58 mm/y, which was much lower compared to
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the CS coating (1.24 mm/y) and bare Mg alloy (2.47 mm/y) (Figure 9c). These findings
indicated that the CS/MgO-GO coating showed the greatest corrosion resistance even after
a precise 14-day immersion test. The bare sample has the highest corrosion rate, while the
coated specimen has lower corrosion rates because CS/MgO-GO acts as a barrier film and
reduces the infiltration rate of corrosive solution inside the substrate, and hence decline the
biodegradation rate. Furthermore, the existence of MgO particles and GO within the CS
film can operate as a reinforcing agent, increasing the coating layer’s stability. Furthermore,
these particles promote the formation of corrosion products containing hydroxyapatite,
which slows the penetration of SBF to the substrate, and provide protection resulted in
slowing the degradation rate. XRD spectra for the composite coating were used to confirm
the precipitation of HAp on the surface of the composite coating containing GO and MgO,
as shown in Figure 9d. The XRD pattern of the CS/MgO-GO composite coatings verify
that the corrosion products were primarily composed of Mg(OH)2 and HAp, implying that
the biomineralization layer was primarily containing HAp.
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3.4. Antibacterial Effect

The ability of the produced coatings to inhibit gram-negative (Escherichia coli) bacteria
was investigated through direct contact with an agar medium. The results showed that
the CS/MgO-GO coatings on Mg alloy substrates inhibited the bacterial activity of the
strains (Figure 10). In comparison to the large inhibition area created for gram (–) bacteria
(5.3 mm), neither the bare Mg alloy samples nor the coatings with CS coating successfully
inhibited bacterial growth, even though, as reported in the literature, CS could possess
antibacterial properties [8,38]. The low concentration of chitosan in the coatings may
have influenced the results [38]. At the same time, the zones of antibacterial activity
against E. coli colonies increased in the sequence of bare Mg alloy < CS < CS/1MgO-GO
< CS/2MgO-GO < CS/3MgO-GO. The release of MgO and GO has a strong inhibitory
effect on bacterial growth. When bacterial cells come into contact with MgO and GO, they
are eventually destroyed due to various mechanisms such as oxidative stress, membrane
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stress, and/or wrapping isolation. Bacterial growth will be inhibited bacteriostatically or
bactericidal by these mechanisms, which may operate independently or in combination [26].
Among the various suggested mechanisms for GO’s antimicrobial performance, mechanical
destruction to bacteria membranes through sharp edges of GO when contacting directly
with GO and the formation of reactive oxygen species (ROS) occurred when oxidative
stress generated by GO and charge transfer are more circumstances [7,39]. MgO as another
antibacterial agent reacts with intracellular oxygen to produce ROS such as H2O2, OH•

and O2
•–, which may be released into the medium and thus inhibit bacterial proliferation

and growth [19,26]. Consequently, co-encapsulation of MgO-GO into the CS layer surface
significantly inhibited the bacterial activity of the strains; thus, CS/MgO-GO coating
containing the highest amount of MgO-GO showed the best antibacterial activity.
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3.5. Cytotoxicity Assay

The MG63 cell response to uncoated, CS, and CS/MgO-GO coated samples was
evaluated using an indirect assay. Figure 11a illustrates the changes in cell viability as a
function of culture time. All extracts of CS/MgO-GO coated Mg alloy enhanced the cell
viability of MG-63 cells compared to the uncoated ones. Similarly, cells contacted with all
extracts of CS and CS/MgO-GO coated specimens showed low cytotoxicity after 3 and
5 days of culture, whereas that was exacerbated by extending the culture time in uncoated.
Cells incubated with extract of CS/2MgO-GO coated had significantly higher viability
on day 3 (91% ± 4%) and day 5 (98% ± 4%). Compared to the other three CS/MgO-
GO groups. However, there was no statistical diversity (p > 0.05) in MG63 cell viability
between the CS/MgO-GO groups after 5 days, despite a slight trend toward increased cell
viability in the uncoated group. The surface oxygen-containing functional groups of GO
may stimulate cell attachment [40]. According to Depan et al. [41], the hydroxyl groups on
GO can serve as locations for preserving and bringing cells onto fibrous surfaces, thereby
improving cell adhesion. Similarly, Shuai et al. [42] demonstrated that GO could be used
to create a bio-interface for cell proliferation and growth. One of the most widely used
indicators of osteoblast cell differentiation is ALP activity. The ALP activity of the MG-63
cell line cultured in media of the uncoated extract, CS, and CS/MgO-GO coated samples
is shown in Figure 11b. For 3 and 7 days of culture, the CS and CS/MgO-GO coated
samples demonstrated good cell differentiation than the uncoated sample. After 7 days, the
ALP activity of all samples increased noticeably. Furthermore, the CS/2MgO-GO coated
specimen demonstrated the greatest ALP activity at both time points tested, implying a
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greater potential for cell differentiation. The increased corrosion rate in uncoated Mg alloys
resulted in a greater release of Mg ions [43–52], causing the culture medium to become
excessively alkalinization and local hydrogen evolution. All of these were detrimental to
cell differentiation. Modification with the CS/MgO-GO composite coating, on the other
hand, improved corrosion resistance of the substrate while providing a quite favorable
surrounding for cell differentiation.
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4. Conclusions

A novel CS/MgO-GO composite coating was deposited on a biodegradable Mg alloy
in this study. The results of the electrochemical analysis showed that the icorr values of CS
(50.22 µA/cm2) are lower compare with uncoated Mg alloy (167.82 µA/cm2). After the ad-
dition of MgO and GO into the CS film, the icorr value of CS/2MgO-GO was 14.98 µA/cm2,
further reduced relative to that of CS/3MgO-GO coating. This finding indicates that the
coencapsulation of MgO and GO fillers into CS film has the potential to elevate the corro-
sion resistance of the Mg alloy substrate. The immersion test including H2 evolution and
weight loss indicates that the CS/MgO-GO composite coating may greatly enhance the
corrosion resistance of Mg alloys. Meanwhile, after 14 days of immersion in SBF, apatite
was observed on the coating surface, implying that incorporating MgO and GO in the CS
film could enhance apatite formation and improve the Mg alloy bioactivity. The cytotoxicity
study showed that the CS/MgO-GO composite coating improved the biocompatibility
of Mg alloy substrates. Besides, the formation of apatite precipitate on the surface of the
sample leads to a reduction of the degradation rate of Mg alloys. The coencapsulation of
MgO and GO fillers into the CS coatings effectively enhances the antibacterial activity of
Mg alloy. This research could provide a plausible and encouraging approach for preserving
corrosion resistance while improving the biocompatibility and antibacterial properties of
Mg alloy implants.
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