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Abstract

To address the issue of burst release of Zn2+ ions in the early degradation stage of degrad-
able zinc alloys and enhance their cellular activity, a composite coating consisting of PLGA
and Mg(OH)2 was prepared on the surface of Zn alloys. The incorporation of Mg(OH)2

serves two purposes: on one hand, it regulates the pH value; on the other hand, it releases
Mg2+ ions to improve cytocompatibility. A series of tests, including electrochemical cor-
rosion testing, ion dissolution testing, sample morphology observation, and cytotoxicity
testing, was conducted to investigate the morphology, degradation process, ion release,
and cytocompatibility of the coating. The results demonstrate that the composite coating
can effectively reduce the release of Zn2+ ions, regulate the pH value after coating degra-
dation, and control the release of Mg2+ ions, thereby significantly reducing the toxicity to
osteoblasts and improving its biocompatibility.

Keywords: Zinc alloy; PLGA and Mg(OH)2; composite coating; degradation; biocompatibility

1. Introduction
Traditional medical orthopedic implant materials are usually made of permanent

metal materials, including cobalt alloys, titanium alloys and stainless steels [1]. However,
permanent bone implant materials can cause several side effects, including local inflam-
mation, stress corrosion cracking, and the need for secondary surgery, which can cause
pain to patients [2]. Currently, the most extensively researched biodegradable medical
materials include biodegradable polymer materials, iron alloys, and magnesium alloys.
Biodegradable polymer materials exhibit favorable biological activity. However, their
mechanical properties fall short of requirements, and their X-ray imaging capabilities are in-
adequate, impeding precise localization within the patient’s body [3,4]. Ferroalloys exhibit
excellent mechanical properties and biological activity. However, their degradation rate is
notably slow, and the degradation products are insoluble [5–7]. Magnesium alloy possesses
outstanding mechanical properties and biocompatibility, with an elastic modulus akin to
that of human cortical bone, effectively preventing stress shielding at the implant–bone
interface. However, its degradation rate is too fast, and hydrogen gas is also produced
during the degradation process, which hinders tissue healing [8,9].

Zinc alloys, as a new generation of biodegradable metal material, offer irreplace-
able advantages. The degradation rate of zinc alloys is moderate (0.02–0.2 mm/y), their
mechanical properties are excellent, and zinc is a necessary trace element in the human
body [10–12]. Current research indicates that zinc alloys exhibit good biocompatibility
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during long-term in vivo implantation experiments [13–16]. However, the in vitro cyto-
toxicity of zinc-based alloys is a significant concern. Zn2+ can promote cell growth at low
concentrations but becomes toxic to cells at high concentrations. In in vitro cell experiments,
zinc alloys frequently exhibited a burst release of Zn2+, which affected cell viability [17–19].

Controlling the initial burst release of Zn2+ is important. Surface modification has
been performed in many studies. In the past, surface modification of zinc alloys was mainly
focused on industrial applications, with less attention to degradation performance and
cell compatibility [20]. Currently, surface modification methods for improving the cell
compatibility of zinc alloys mainly include chemical deposition, anodizing, and atomic
layer deposition. However, these methods did not significantly reduce Zn2+ release [21–23].
PLGA has excellent biocompatibility and an adjustable degradation rate. It has been
approved for clinical use by the US Food and Drug Administration and the European
Medicines Agency [24,25]. Sankalp et al. [26] significantly improved the corrosion resistance
and cell adhesion of magnesium alloys by using PLGA coatings. Additionally, many studies
have shown that Mg2+ promotes the proliferation and gene expression of osteoblasts [27–29].
Kim et al. [30] added Mg2+ to polycarbonate (PCL) scaffolds to promote cell migration on
the scaffold.

In this study, we prepared a double-layer PLGA coating on the surface of zinc alloy to
control the burst release of Zn2+, and incorporated Mg(OH)2 into PLGA coating to promote
osteoblast growth and regulate the pH value during PLGA degradation. The inner PLGA
layer had a slow degradation rate and was used for long-term protection of alloys. The
outer PLGA/Mg(OH)2 composite layer had a fast degradation rate and quickly released
Mg2+ to promote osteoblast growth. We studied the role of the composite coating on the
release of Zn2+ and Mg2+ during degradation of the coated zinc alloy and its effect on the
activity of osteoblasts.

2. Materials and Methods
2.1. Materials and Specimen Preparation

As-cast Zn (Zn-0.05 wt%Mg-0.5 wt%Mn) alloy bar with a diameter of 10 mm was cut
into disks with Φ 10 mm and 2 mm thickness. The samples were first ground with SiC
papers with meshes of 400, 800, 1500, and 2000, subsequently, cleaned by ultrasonic in
ethanol for 15 min, and then dried.

Ethanol and deionized water are mixed uniformly in a volume ratio of 9:1, and then the
KH550 silane coupling agent is added to prepare a 3% solution. The zinc alloy is immersed
in this solution for 15 min and then slowly withdrawn, allowing it to dry naturally in the air.
Next, a 6% solution of PLGA-1 is prepared by dissolving it in CH2Cl2. The silane coupling
agent-treated zinc alloy is immersed in this solution and withdrawn at a speed of 0.5 cm/s,
followed by natural drying. The resulting sample is named PL. Subsequently, Mg(OH)2,
with a mass ratio of 14% relative to PLGA-1, is added to the above solution, stirred for 5 h
to ensure uniform distribution of Mg(OH)2, and the silane coupling agent-treated zinc alloy
is again immersed, withdrawn, and dried. The resulting sample is named PMG. Following
the same procedure, PLGA-2 is dissolved, and then Mg(OH)2 is added at mass ratios of 8%,
14%, and 20% relative to PLGA-2, respectively. Each mixture is stirred uniformly, and the
PMG samples are immersed in it, withdrawn, and dried. The resulting samples are named
MG8, MG14, and MG20, respectively. Table 1 lists the main characteristics of each sample.
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Table 1. Main characterization of samples (the content of Mg(OH)2 is the mass fraction of PLGA).

Sample Name Main Charcterization

Zn Zn-0.05Mg-0.5Mn
PLGA1 480,000 molecular weight PLGA (75/25)
PLGA2 100,000 molecular weight PLGA (50/50)

PL Single coating; (PLGA1; No Mg(OH)2)
PMG Single coating; (PLGA1 + 14% Mg(OH)2)

MG8 Double coatings; The inner layer: PLGA1+ 14% Mg(OH)2;
The outer layer: PLGA2 + 8% Mg(OH)2

MG14 Double coatings; The inner layer: PLGA1+ 14% Mg(OH)2;
The outer layer: PLGA2 + 14% Mg(OH)2

MG20 Double coatings; The inner layer: PLGA1+ 14% Mg(OH)2;
The outer layer: PLGA2 + 20% Mg(OH)2

2.2. Surface Characterization

The surface morphology and the element distribution on the surface during immersion
were analyzed by using field emission scanning electron microscopy (FE-SEM, Nova
Nano SEM 450, FEI Company, Hillsboro, OR, USA), equipped with energy dispersive
spectroscopy (EDS). In order to measure the thickness of the coating, the samples were
embedded in epoxy resin, and the cross-sections of the samples were ground and polished
for SEM observation. The water contact angle of the sample surface was measured by
SL200KS (KINO, Boston, MA, USA). The roughness of the samples was measured by
a roughness tester (TR200, Yantai Times Electromechanical Technology Co., Ltd., Yantai,
China). The glass transition temperature of the sample coating was measured by differential
scanning calorimeter (DSC, DSC404F3, Netzsch-Gerätebau GmbH, Selb, Germany). Smart
Lab X-ray diffraction (XRD) was used to analyze the phase composition of the sample
surface, with the diffraction angle set in the range of 10◦ to 90◦. Fourier transform infrared
(FTIR, Bruker Vertex 70, Brooke Instruments, Karlsruhe, Germany) was used to analyze the
functional groups on the surface of the samples. The infrared spectrum was recorded in the
scanning range of 4000 cm−1 to 450 cm−1.

2.3. Electrochemical Measurement

Simulated body fluids (SBFs) was prepared by dissolving reagent-grade chemicals,
8 g/L NaCl, 0.4 g/L KCl, 0.14 g/L CaCl2, 0.35 g/L NaHCO3, 0.2 g/L MgSO4·7H2O,
0.12 g/L KH2PO4·H2O and 0.12 g/L Na2HPO4·H2O into deionized water. The samples
were immersed in SBF solution at 37 ◦C for 28 days to test the protective effect of the coating
on the samples, and SBF was refreshed every 7 days. The open-circuit potential (OCP),
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) of the
sample in SBF at 37 ◦C were measured by the automatic laboratory corrosion measurement
system (Versa STAT 3000, Princeton Applied Research, Oak Ridge, TN, USA). A standard
three-electrode was used for the electrochemical test, in which the platinum electrode
was used as the counter electrode, the saturated calomel electrode (SCE) was used as
the reference electrode, and the sample embedded in epoxy resin with an exposed area
of 0.785 cm2 was used as the working electrode. OCP value was recorded for 1 h. The
polarization test was performed with a scanning potential range of 0.01 V to 0.15 V VS
OCP. Such a low overpotential was used since higher overpotentials may result in the fast
hydrogen evolution reaction during cathodic polarization tests, which may destroy the
bonding between the polymer coating and alloy matrix. The scanning rate is 1 mV/s. EIS
curves were collected in the frequency range of 0.01 Hz to 100 kHz by applying a sinusoidal
potential with an amplitude of 10 mV around EOCP at steady state.
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2.4. Degradation Measurements

The samples were soaked in SBF, and the bonding between the coating and the
substrate was characterized by an ultrasonic scanning microscope (V400E, Kraemer Sonic
Industries GmbH, Herborn, Germany), while a pH meter was used to measure the pH
change in SBF during the immersion. the ratio of the surface area of the samples to the
volume of the liquid was 1.25 cm2/mL, and the temperature was 37 ◦C.

2.5. In Vitro Biocompatibility Evaluation

All cell experiments were carried out by an indirect contact cell assay according to
ISO 10993-12 [31]. To prepare extract, the samples were soaked in 70% alcohol for 2 h and
then sterilized under ultraviolet radiation for 24 h. After that, the samples were placed in
the complete culture medium at 37 ◦C in a humidified atmosphere of 5% CO2 for 24 h and
72 h, and then the samples were taken out, and the complete culture medium was filtered
with a 0.2 µm sieve. The complete medium consisted of alpha-modified eagle’s medium
(MEMα, Gibico, Brooklyn, NY, USA), 10% fetal bovine serum (FBS, Gibico, USA), and 1%
penicillin/streptomycin (Gibico, USA). The ratio of the sample surface area to the complete
medium volume was 1.25 cm2/mL. The ion concentration in the extract was measured
by inductively coupled plasma atomic emission spectroscopy (Optima 5300DV, Waltham,
MA, USA).

2.5.1. Cytotoxicity and Cell Proliferation

100 µL of complete culture medium with a cell density of 1 × 104 cells/mL was put
into each well of a 96-well cell culture plate. After 24 h of culture in the cell incubator,
the culture medium was replaced with the extract. After 1, 3, and 5 days of culture, the
extract was replaced with fresh culture medium containing MTT dye. After 4 h incubation,
the solution in the culture plate was discarded, 100 µL DMSO was added, and shaken for
10 min, and the absorbance was measured with an enzyme-labeled instrument (Bio-RAD
680, Bio-Rad, Hercules, CA, USA) at 570 nm.

2.5.2. Fluorescence Staining

After 4 h and 24 h incubation, MC3T3-E1 cells were washed with PBS, fixed with 4%
paraformaldehyde (PFA) solution for 20 min, and 0.5% Triton X-100 (Amresco, Newburgh,
NY, USA) was added to destroy the cell permeability for 5 min. Then, phalloidin was added
and incubated in a dark environment for 30 min. Then, the cells were stained with DAPI
(4,6-diamino-2-phenylindole) for 2 min, and the images were observed under a fluorescence
microscope after the anti-fluorescence quenching solution was dripped.

2.5.3. Live/Dead Cell Staining

MC3T3-E1 cells were cultured for 1, 3, and 5 days, washed with PBS, then 250 µL dye
was added, and cultured at 37 ◦C for 30 min. Calcein AM and propidium iodide were
used for staining, and the concentration of detection buffer was 0.1%. After adding the anti-
fluorescence quenching solution, the images were observed under a fluorescence microscope.

3. Results
3.1. Surface Characterization

Figure 1 shows the surface morphology of different samples. The surface of the PL
sample was very flat, and there were white particles attached to the PLGA coating on
the surface of the other samples. The number of particles increased with the increasing
addition of Mg(OH)2. According to EDS results in Table 2, the contents of Mg and O in the
particles were much higher than those in the PLGA coating.
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Figure 1. SEM images of the surface features of different samples.

Table 2. EDS analysis results at point 1 and point 2 in Figure 1 (mass%). The “-” means “not detected”.

Position C O Mg

Point 1 68.77 31.23 -
Point 2 33.22 47.59 19.18

Figure 2 shows the SEM images of the cross-sections and EDS line scanning of different
samples. It can be seen that the thickness of the single-layer PLGA coating on PL sample
was about 4 µm, and that of the double-layer PLGA coating on MG8, MG14, and MG20
was close to 8 µm, and the thickness of the coating increased slightly with the increase
in Mg(OH)2 addition. The coating mainly contained C and O, and the Mg element was
also detected in the Mg(OH)2-containing coatings. Although the distribution of Mg(OH)2

is relatively homogeneous throughout the coating, there may still exist some clusters of
Mg(OH)2, which results in the observed low amount of C in the MG8 specimen.

Figure 3a shows XRD patterns of the samples. The diffraction peaks of Zn were
detected in all samples, and Mg(OH)2 was detected in Mg(OH)2-containing coatings.

Figure 3b shows FTIR spectra of the coatings. There was an inconspicuous char-
acteristic absorption peak at 3689 cm−1 due to the stretching vibration of Mg-OH [32],
and the broad peak observed at 3446 cm−1 was attributed to the stretching vibration of
O-H [33]. The absorption peaks at 2995 cm−1 and 2963 cm−1 were caused by CH2 and CH3,
respectively. The absorption peaks at 1752 cm−1 and 1185 cm−1 were caused by C=O and
C-O bonds.

Figure 3c shows the water contact angle of the samples. The water contact angle of
Zn was about 57◦, and that of the coated samples was close to 80◦. The PLGA coating
increased the water contact angle, but the addition of Mg(OH)2 did not change the water
contact angle.

Figure 3d shows the roughness of the samples. The roughness of the PL sample was
lower than that of the Zn sample, but the roughness of the PMG sample was higher than
that of Zn sample, and the roughness of the double-layer coated samples was much higher.
The roughness increased with the increase in Mg(OH)2 content.
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Figure 2. SEM images of the cross-sections and EDS line scanning of different samples.

 

Figure 3. XRD patterns (a), FTIR spectra (b), water contact angles (c), roughness (d), and DSC curves
(e) of the samples.
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Figure 3e shows the DSC curves of the sample coatings. It can be seen that the glass
transition temperature of PLGA1 was higher than that of PLGA2. After adding Mg(OH)2,
the glass transition temperature of the coating decreased, and the decreasing range in-
creased with the increase in Mg(OH)2 content. The aforementioned results demonstrate
that varying amounts of Mg(OH)2 were incorporated into the PLGA coating.

3.2. Electrochemical Measurement

Figure 4 shows the electrochemical performance of the samples. The open-circuit
potential of the Zn sample initially increased, then decreased, and finally stabilized at a
relatively high value. The open-circuit potential of the coated samples first decreased and
then increased slightly. In Figure 4b, the corrosion current density (icorr) of the samples
with coating decreased significantly, and the icorr of the samples with double-layer coating
was lower than that of the samples with single-layer coating. In Figure 4c, the capacitance
arc diameter of the samples with coatings was larger than that of the Zn sample, and the
capacitance arc diameter of the samples with double-layer coating was larger than that
of the single-layer coating. Among the double-layer coating samples, the capacitance arc
diameter increased with the increasing content of Mg(OH)2.

Figure 4. The open-circuit potential (a), potentiodynamic polarization curves (b), and Nyquist plots
(c) of the samples after initial immersion for 1 h.

Figure 5 shows the potentiodynamic polarization curves of samples after immersion
for different durations. The corrosion current density of the samples with a single-layer
coating was higher than that of Zn at 7 and 14 days. For the samples with a double-layer
coating, the corrosion current density was lower than that of Zn, except on the 14th day.

 
Figure 5. Potentiodynamic polarization curves of samples immersed in SBF for different durations.
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Figure 6 shows Nyquist plots of the samples immersed in SBF for different durations.
The capacitance arc diameter of the samples with single-layer coating decreased rapidly,
and after 7 days of immersion, the capacitance arc diameter was smaller than that of the
Zn sample. In contrast, the capacitance arc diameter of the samples with double-layer
coating remained consistently larger than that of the Zn sample throughout the whole
immersion process.

Figure 6. Nyquist plots of samples immersed in SBF.

Figure 7 shows the changes in the electrochemical performance of the samples during
immersion. The corrosion current density of the samples with double-layer coatings was
lower than that of the Zn sample, especially during the first 7 days. The corrosion current
density of the samples with single-layer coatings was slightly higher than that of Zn sample
on the 7th and 14th days. The impedance modulus of the samples with double-layer
coatings decreased significantly within the first 3 days but remained higher than that of
the Zn sample throughout the immersion process. In contrast, the impedance modulus of
the single-layer coated samples did not consistently stay higher than that of the Zn sample.
When the immersion time increased from 21 days to 28 days, a sudden increase in corrosion
resistance was observed for the composite coating samples. It could be because corrosion
products formed with the increase in immersion time, and the corrosion products sealed
the holes of the composite coating. The above results indicate that the electrochemical
performance of the coated samples was better than the Zn sample, and the protective effect
of the double-layer coatings was better than that of the single-layer coatings.

 

Figure 7. Variation curve of corrosion current density (a) and resistance modulus (b).
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3.3. Degradation Measurements

Figure 8 shows the microstructure of the samples after immersion. After immersion,
no change was observed on the surfaces of PL and MG8 samples. On PM sample, Mg(OH)2

partially dissolved, and a few holes were left on the surface. On MG14 and MG20 samples,
pits formed on the site of Mg(OH)2, but no holes were generated, while there were more
pits and less Mg(OH)2 on the surface of the MG20 sample compared to the MG14 sample.
After 3 days of immersion, holes appeared on the surface of the PL sample, and most
of the Mg(OH)2 on the surface of the other samples had dissolved. With the increase in
Mg(OH)2 content, more and larger pits formed on the surface of the samples with double-
layer coating. After 28 days of immersion, more and larger holes were formed on the
surfaces of PL and PM samples compared to the third day, but the holes on the PL sample
were unevenly distributed. The outer coating of the MG8 sample had partially degraded,
forming large holes. Most of the outer coating on the surface of MG14 sample had degraded,
and the outer coating on the surface of MG20 sample had almost completely degraded,
leaving only some residues on the surface. The pits on the coating could be formed due to
two reasons. The first one is that the Mg(OH)2 particles dissolved in the solution directly.
The second one is that the Mg(OH)2 particles detached from the coating because of loss of
attachment from the PLGA, which undergoes hydrolysis during immersion. In a word, the
added Mg(OH)2 resulted in more defects in the coating, which accelerated the degradation
of coatings.

Figure 8. SEM images of samples immersed for different durations.
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Figure 9 illustrates pH changes in SBF with different samples. The pH of the SBF
containing Zn and PL samples initially increased, stabilizing at 8.5 and 8.3, respectively. In
contrast, for the PM sample and those with double-layer coatings, the pH initially increased,
then decreased, and finally stabilized at 7.9 and 7.4, respectively.

Figure 9. Changes in pH value of SBF with different samples during the immersion process.

Figure 10a presents ultrasound scanning images of the samples immersed for different
durations. Before immersion, the ultrasound image of the samples with single-layer
coatings showed no shadows, indicating no significant defects or irregularities, as the
brightness of the image corresponds to the intensity of the received sound waves. In
contrast, the samples with double-layer coatings displayed shadows, with the shadow area
increasing as the Mg(OH)2 content increased.

After 1 day of immersion, shadows appeared in the ultrasound images of the single-
layer coated samples, while the shadow area of the PM sample was slightly larger than that
of the PL sample. The shadow areas in the images of the double-layer coated samples also
grew larger.

After 3 days of immersion, the shadow areas in the ultrasound images had further
expanded across all samples. Notably, almost the whole surface of the double-layer coated
samples was covered with shadows, except for the MG8 sample, which showed fewer shadows.

Figure 10b shows the sound wave diagrams of the samples. At point 1, the waveform
indicated no attenuation of the sound wave, suggesting the absence of gas or significant
defects, as sound waves typically attenuate when passing through gas. Moving to point 2, a
noticeable attenuation in the sound occurred, signifying the presence of minor defects. This
attenuation became more pronounced at point 3, suggesting further deterioration of the
coating, possibly due to increased defects or gas accumulation. The above results indicate
that the addition of Mg(OH)2 increased the internal defects of the coating and accelerated
the degradation of the coating.
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Figure 10. The ultrasound scanning image of samples immersed for different times (a). Sonic wave
diagram at typical locations (b).

3.4. In Vitro Biocompatibility Evaluation

Figure 11a shows ion concentration of the 1-day extracts. After 1 day of extraction,
the Zn2+ concentration released from the Zn sample was about 6.3 µg/mL. The single-
layer PL coating significantly reduced Zn2+ concentration to about 2 µg/mL, while the
double-layer further reduced it to about 1 µg/mL. Zn2+ concentration decreased slightly
with the increase in Mg(OH)2 content. The Mg2+ concentration in the initial medium
was about 22 µg/mL. The Mg(OH)2-containing single-layer (PMG sample) increased
Mg2+ concentration to 27 µg/mL, while the double-layer containing coating significantly
increased Mg2+ concentration to about 40 µg/mL. In addition, the Mg2+ concentration
increased with the increase in Mg(OH)2 content in the coating.

The OD values of MC3T3-E1 cells cultured in the 1 day extract are presented in
Figure 11b. For cells cultured in the 1-day extracts, the OD value of the Zn sample decreased
over time, whereas the OD values of the coated samples increased and were significantly
higher than those of the Zn sample. After 5 days of culture, the OD values of the double-
layer coated samples and PM samples were significantly higher than those of the PL sample.

The cell viability of MC3T3-E1 cultured in the 1 day extract is shown in Figure 11c.
In the 1-day extract, the cell viability of the Zn sample dropped below 50% after 1 day of
culture and declined sharply over time. The cell viability of the PL samples also decreased
over time, but it remained above 75%. The PM samples showed an increase in cell viability
over time, and after 5 days of culture, their viability was significantly higher than that of
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the PL sample, reaching 87%. Samples with double-layer coatings maintained high cell
viability throughout the culture period, exceeding 90%.

(b) 

(c) 

Figure 11. Ion concentration of the 1-day extracts (a). OD values of MC3T3-E1 cultured in the 1 day
extracts (b) for 1 day, 3 days, and 5 days. Cell viability of MC3T3-E1 cultured in the 1 day extracts
(c) for 1 day, 3 days, and 5 days. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. PL.

Figure 12 shows the morphology of MC3T3-E1 cells cultured in the extract. After 4 h
of culture, there was no obvious difference in the cell morphology among the samples, and
cells were all round in shape. After 24 h of culture, cells in the coated samples spread from
round to spindle shape, and obvious pseudopodia were seen. However, the cells in the
Zn sample extract were abnormal, with some cells still round, and the spreading area was
much smaller than that of the coated samples.

Figure 13 shows images of live–dead MC3T3E1 cells after 1 day of cultivation. After
1 day of culture, the number of living cells on the Zn sample was less than that on the
coated samples, but the number of dead cells was much higher than that on the coated
samples. The number of dead cells on the samples with single-layer coating was slightly
higher than that on the samples with double-layer coating.

Figure 14 shows images of live–dead MC3T3E1 cells after 3 days of cultivation. After
3 days of culture, the number of living cells on the Zn sample further decreased, while
the number of dead cells increased. In contrast, the coated samples showed an increase in
the number of living cells. Although the number of dead cells on the single-layer coated
samples increased slightly, the number of dead cells on the double-layer coated samples
remained relatively unchanged.

Figure 15 shows images of live–dead MC3T3E1 cells after 5 days of cultivation. After
5 days of culture, very few living cells remained in the Zn sample. On the coated samples,
the number of both living and dead cells increased, while the double-layer coated samples
continued to show fewer dead cells compared to the single-layer coated samples. The above
results indicate that the coating inhibited the release of Zn2+, and the samples with double-
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layer coatings exhibited better cell compatibility than those with single-layer coatings, and
the Mg2+ released from the coating promoted the growth of MC3T3-E1 cells.

Figure 12. Images of MC3T3-E1 cells stained by phalloidin/DAPI after cultivation for 4 h and 24 h.

 

Figure 13. Images of live–dead MC3T3E1 cells after cultivation for 1 day.
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Figure 14. Images of live–dead MC3T3E1 cells after cultivation for 3 days.

 

Figure 15. Images of live–dead MC3T3E1 cells after cultivation for 5 days.
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4. Discussion
4.1. Surface Properties

In this study, we successfully incorporated the Mg(OH)2 compound into PLGA coating
(Figure 1). The Mg(OH)2 compound was uniformly dispersed throughout the coating
without altering the chemical bonds between Mg(OH)2 and PLGA, indicating no chemical
reaction occurred between the two materials. The addition of Mg(OH)2 did not affect
the hydrophilicity of PLGA coating, but it increased the surface roughness and defects
and lowered the glass transition temperature of PLGA (Figure 3). This reduction in the
glass transition temperature, attributed to Mg(OH)2’s role as a plasticizer, weakened the
molecular segment interactions within PLGA [34]. Since the glass transition temperature
was an indicator of the PLGA degradation rate [35], the increased Mg(OH)2 content in the
coating accelerated the degradation process.

4.2. Protection and Degradation of Coatings

During the initial days (first 3 days), zinc alloys degrade rapidly due to direct exposure
of their bare surfaces to body fluids, lacking a protective layer of corrosion products [36].
The anodic reaction involves zinc metal losing electrons to form zinc ions, while the cathodic
reaction primarily consists of oxygen reduction to hydroxide ions. Given the abundant
presence of phosphate, carbonate, and calcium ions in physiological environments, zinc
ions progressively combine with hydroxide to form zinc hydroxide [36]. Simultaneously,
they react with phosphate, carbonate, and calcium ions to precipitate complex compounds
such as zinc phosphate, calcium zinc phosphate, and calcium carbonate [37]. The accumu-
lation of these corrosion products substantially reduces the degradation rate of zinc alloys.
Coatings composed of PLGA or PLGA/magnesium hydroxide composites significantly
suppress the initial corrosion rate (Figure 7). As these coatings gradually degrade over
time, the underlying alloy becomes increasingly exposed to corrosive solutions, leading to
accelerated corrosion. Concurrently, corrosion products generated from the zinc alloy sub-
strate impede further penetration of corrosive fluids, thereby providing partial protection.
The significantly improved corrosion resistance was obtained for the composite coating
after 7 days of immersion. After 7 days, the formation of corrosion product film could
further inhibit the release of Zn2+ ions, which could solve the problem of the fast release of
Zn2+ ions. For the composite coating samples, the corrosion current density is about half of
that of bare Zn samples even after 28 days of immersion, which shows relatively long-term
protective ability. The interplay of these factors results in a near-constant corrosion rate for
PLGA-coated samples beyond the initial phase, maintaining degradation levels consistently
lower than those of uncoated Zn alloy substrates (Figure 7).

The degradation product of Zn alloys, Zn(OH)2, tends to increase the pH value of the
solution [38]. In contrast, the degradation of PLGA coatings generates carbonic acid, which
has the effect of lowering the pH. Additionally, the release of Mg(OH)2 from the coatings
contributes to an increase in pH. For both Zn alloy samples and single-layer PLGA-coated
samples, the pH-increasing effect of Zn(OH)2, a degradation product of Zn alloys, takes
a dominant role, leading to an elevation in the solution’s pH (Figure 9). When the pH
exceeded 8.6, it became toxic to cells [39]. However, for PLGA composite coating samples
containing Mg(OH)2, although the release of Mg(OH)2 promotes a rise in pH, the presence
of Mg(OH)2 simultaneously accelerates the degradation of PLGA. Consequently, the overall
pH of the solution only shows a slight increase and is even lower than that of the bare Zn
alloy samples (Figure 9).
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4.3. Biocompatibility

The biocompatibility of degradable Zn alloys mainly depends on the release rate
of Zn ions during degradation. The release of a small amount of Zn ions can promote
osteogenesis; however, excessive release of Zn ions can induce cytotoxicity [40]. For
MC3T3-E1 cells, studies have shown that when the concentration of Zn ions is greater
than 19.5 µg/mL, it significantly inhibits cell viability [41]. When Zn ions are in the low
concentration range (1.76–12.1 µg/mL), they can enhance cell viability and promote cell
growth [42]. Magnesium ions have good biocompatibility in the human body and are
one of the essential macronutrients for the human body. The human body has a high
tolerance for Mg ions; when the concentration of Mg ions does not exceed 198 mg/L,
no biological toxicity is induced [43]. Moreover, Mg ions have a significant ability to
promote osteogenesis; when the concentration of Mg ions is greater than 156 mg/L, they
can significantly promote the growth of MC3T3-E1 osteoblasts [44].

The initial release concentration of Zn ions from bare zinc alloy is relatively high,
reaching 6.3 µg/mL in the extract solution, showing a significant inhibitory effect on cell
viability, which is consistent with numerous literature reports [20]. However, the PLGA
and Mg(OH)2 composite coating not only significantly reduces the release concentration
of Zn ions but also releases a large amount of Mg ions. As a result, the cell viability of
the samples with PLGA and Mg(OH)2 composite coating is greatly improved (Figure 11).
The morphology of cells (Figure 12) and the reduced number of cell deaths (Figures 13–15)
were markedly better in the coated samples compared to the uncoated Zn sample. This
is the combined result of the reduced concentration of Zn ions in the extract solution
and the release of Mg ions. The functional effect on cytocompatibility of the composite
coating is expected to be maintained as long as possible. However, the other properties,
such as corrosion resistance, of the coating must be considered as well. The present work
is only a preliminary attempt, and long-term cytocompatibility will be studied in the
future. Furthermore, the in vivo evaluation is necessary and essential to assess the realistic
applicability of the composite coating in future work.

5. Conclusions
In this study, PLGA + Mg(OH)2 composite coatings were developed on Zn alloys

for biomedical applications. The degradation process and relative impact on the cell
compatibility of Zn alloys were investigated. The key conclusions are as follows:

(1) The PLGA + Mg(OH)2 composite coating significantly enhanced the corrosion resis-
tance of Zn alloy, effectively suppressing the rapid release of Zn2+.

(2) Adding Mg(OH)2 to the PLGA coating increases the number of defects in the coating
and reduces its glass transition temperature. Both of these effects accelerate the degra-
dation of the coating as well as the release of Mg(OH)2. As a result, the acidification
effect caused by PLGA degradation and the alkalinization effect from Mg(OH)2 release
counteract each other, leading to a neutral pH in the degradation product solution.

(3) The synergistic effect of reduced Zn ion release and increased Mg ion release improved
the cytocompatibility of osteoblasts.
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