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Abstract: Bone tissue repair materials can cause problems such as inflammation around the
implant, slow bone regeneration, and poor repair quality. In order to solve these problems,
a coating was prepared by ultrasonic micro-arc oxidation and self-assembly technology on a pure
magnesium substrate. We studied the effect of berberine on the performance of the ultrasonic
micro-arc oxidation/polylactic acid and glycolic acid copolymer/berberine (UMAO/PLGA/BR) coating.
The chemical and morphological character of the coating was analyzed using scanning electron
microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. The corrosion properties were
studied by potentiodynamic polarization and electrochemical impedance spectroscopy in a simulated
body fluid. The cumulative release of drugs was tested by high-performance liquid chromatography.
The results indicate that different amounts of BR can seal the corrosion channel to different extents.
These coatings have a self-corrosion current density (Icorr) at least one order of magnitude lower
than the UMAO coatings. When the BR content is 3.0 g/L, the self-corrosion current density of the
UMAO/PLGA/BR coatings is the lowest (3.14 × 10−8 A/cm2) and the corrosion resistance is improved.
UMAO/PLGA/BR coatings have excellent biological activity, which can effectively solve the clinical
problem of rapid degradation of pure magnesium and easy infection.
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1. Introduction

Traumatic bone repair materials have become a research hotspot in the field of orthopedics.
They are mainly derived from autologous and allogeneic bone grafts [1]. The source of autologous
bone grafting materials is limited, complications are prone to occur after surgery, and the success
rate is low. Allogeneic bone graft materials are expensive and prone to rejection. The degradation
of allogeneic bone is slow, resulting in a smaller volume of new bone. In order to solve the above
problems, material researchers are trying to find suitable human bone repair materials. With the
development of biodegradable materials, metal bone repair biomaterials are undergoing a revolution.
The properties of metal biomaterials have changed from being biologically inert to having biological
activity and multiple biological functions [2,3]. Magnesium and magnesium alloys are characterized
by good osteoinductivity, spontaneous degradability, and excellent biological safety. Their mechanical
properties are similar to those of human cortical bone, and the biological properties of the graft are
similar to those of natural bone, which has attracted a great amount of attention in the bone repair
materials field [4,5]. The degradable properties of magnesium will eliminate the need for a second
surgery to remove the implant. Thus, magnesium and magnesium alloy bone repair materials would
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not only further reduce the pain and burden for patients, but also increase the application of these
advanced materials [6]. However, a series of biological problems have been discovered during the
clinical application of pure magnesium, such as osteolysis around the implant, easy loosening of the
implant, rapid degradation, and hemolytic infection, which limit the application of pure medical
magnesium and magnesium alloys [7–9].

Therefore, researchers should study composite coatings with antibacterial, anti-inflammatory,
and bone growth promotion effects, and then adjust and control the degradation rate and biological
characteristics of pure medical magnesium to solve the fundamental problem of magnesium implants
and make magnesium more suitable as an implant material [10]. In recent years, ultrasonic micro-arc
oxidation (UMAO) has been shown to be an effective surface modification technology that can effectively
reduce the degradation rate of materials [11,12]. UMAO can effectively improve the corrosion resistance
of magnesium alloys. However, the micropores and microcracks of the UMAO surface may cause
undesirable rapid and unexpected degradation of magnesium and its alloys [13]. Therefore, scholars
have tried to compound other surface modification technologies on the UMAO surface [14–16]. Li [17]
reported using KH550 as a silane coupling agent to modify the surface of the ultrasonic micro-arc
oxidation coating on pure magnesium. The organic film of the Si–O–Mg bond formed on the surface
helps to reduce the pores in the UMAO coating and improve its corrosion resistance. In order to further
improve the bone growth around the implant, as well as the antibacterial and anti-inflammatory effects,
Peng [18] prepared a phytic acid puerarin solution on the UMAO coating by dip coating. The composite
coating has better corrosion resistance than UMAO. It also accelerates the mineralization of apatite
and improves the biological activity. Wang [19] prepared an UMAO/chitosan/citrin coating on a pure
Mg substrate. They found that the Chinese herbal extract coating enhanced the corrosion resistance
and biological activity of pure Mg, and also enhanced the adhesion and proliferation of osteoblasts.
However, the coating drug released quickly and the concentration was low. Furthermore, its ability
to promote bone growth, as well as its antibacterial and anti-inflammatory effects, did not reach the
expected effect.

The most difficult problem with these coatings in bone injury is the low drug concentration at the
lesion site. If the drug concentration around the local implant is maintained in a reasonable range,
it will be slowly released around the implantation area at a certain rate within a certain period of
time to achieve the purpose of the treatment. At present, long-acting sustained-release drug-loaded
artificial bone is considered feasible [20,21]. The preparation of drug-loaded artificial bone usually
includes methods such as the vacuum adsorption freeze-drying method and the compression molding
method. The above methods can achieve the effect of sustained drug release. However, studies have
found that the release of drugs is too fast or the drug-carrying materials cannot be degraded or they
degrade very slowly, which limits the application [22–24]. Polylactic acid glycolic acid copolymer
(PLGA) is a degradable functional polymer organic compound, usually used as a carrier for drug
release [25]. PLGA is widely used in the fields of pharmaceutical and medical engineering materials,
mainly because it is biocompatible, non-toxic, shows controllable degradation, and produces harmless
metabolites in the body. It also has excellent coating-forming properties. At the same time, PLGA as a
biomedical material has been certified by the U.S. Food and Drug Administration. Sevostyanov [26]
studied the coating of PLGA-containing triple anti-tuberculosis patients’ bones, which can stably and
slowly release drugs and maintain the local drug concentration at a high level in the lesion. Qian [27]
found that the degradation of PLGA in the human body is acidic, and magnesium is degraded to
alkaline. After degradation, the environment is neutralized to a certain extent. Wu [28] prepared
magnesium-enhanced PLGA copolymer composites by extraction and oil bath methods, and found
that the pH of the environment during the degradation process is normal, does not affect bone growth,
and can effectively regulate the strength and characteristics of the material according to the location
and characteristics of the repaired bone degradation rate.

Until now, PLGA has mostly been used as a carrier for the preparation of slow-release Western
medicines. At present, the focus of attention has shifted from synthetic medicine to natural medicine
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(Chinese medicine), mainly because traditional Chinese medicine has the characteristics of stable action,
low toxicity, and natural materials. Traditional Chinese medicine plays a positive role in promoting
the growth of osteoblasts, has antibacterial and anti-inflammatory effects, and is able to regulate the
differentiation and biological activity of osteoblasts. Berberine (BR), the main active component of
the Chinese medicine coptis, has a variety of biological activities, such as inhibiting inflammation,
promoting bone formation, and inhibiting osteoclasts [29,30]. However, few reports have focused on
combining PLGA and BR to form a composite sustained-release drug coating to enhance the biological
activity and corrosion resistance of magnesium alloys [31].

In this study, by modifying the surface of pure magnesium, we obtain a PLGA/BR multi-element
composite functional coating that has antibacterial function, promotes bone growth, and can control
the degradation rate, and the structural characteristics, corrosion resistance, and biological activity of
the composite coating are systematically evaluated.

2. Materials and Methods

2.1. Materials and Drugs

Mg (Technology Co., Ltd., Yi’an, China) was cut into 10 × 10 × 1 mm sample cubes. The molecular
weight of PLGA (polylactic acid/glycolic acid, 50:50) was 90,000 (Daigang Biological Engineering
Co., Ltd., Jinan, China), and the berberine content was 99% (China Institute for Food and Drug Control).

2.2. Sample Preparation

Sandpaper was used to polish the samples to a smooth surface; which were then soaked and
degreased with ethanol for 30 min; and then cleaned with deionized water, dried, and sealed for later
use. The following electrolytes were used in UMAO: Na2SiO3·9H2O (15 g/L), KOH (10 g/L), KF (8 g/L),
and C10H14N2Na2O8 (1 g/L). The working parameters for the UMAO treatment were as follows: first,
a pulse width of 50 µs, a pulse frequency of 500 Hz, an auxiliary ultrasonic frequency of 60 kHz,
an ultrasonic power of 50 W, a voltage of 300 V, and an oxidation time of 7 min; and second, a regulated
voltage of 260 V and an oxidation time of 3 min, cleaned with deionized water and dried in air.

The composite coating was prepared by immersion in 3 mol/L NaOH solution at 60 ◦C for 1 h,
referred to as alkali treatment. Then, 500 mg of PLGA was dissolved in 10 mL of dichloromethane
under ultrasound for 30 min. BR-loaded solutions in concentrations of 1.5 g/L, 3.0 g/L, and 6.0 g/L
were prepared ultrasonically using the 50 g/L PLGA solution as the solvent for 30 min, giving a
self-assembly solution. The sample was immersed in the self-assembly solution for 3 min. Then,
the sample was removed from the solution in the vertical direction at a speed of 5 cm/min and dried in
air. UMAO/PLGA/BR coatings were marked as 1.5, 3.0, and 6.0 g/L, respectively.

2.3. Coating Characterization

The microstructure and elemental composition of the coatings were characterized by scanning
electron microscopy (SEM, JSM-7800JJEOL, Tokyo, Japan) and energy dispersive spectroscopy (EDAX,
FALCON60S, Mahwah, NJ, USA). The phases in the coatings were identified by X-ray diffraction
(XRD, D8 ADVANCE, BRUKER, Karlsruhe, Germany) with Cu Kα radiation in the 2θ range of 10◦ to
90◦. The contact angle of the coatings was measured by a contact angle meter (JC2000C1, Zhongchen,
Shanghai, China). The micro-roughness of the coatings was observed by German Bruker atomic
force microscopy (AFM, BRUKER, Karlsruhe, Germany). X-ray photoelectron spectroscopy (XPS,
ESCALAB250XI, Thermo Fisher Scientific, Waltham, MA, USA) was used to qualitatively analyze the
presence of elements, carbon components, and chemical bonds on the sample surface. The excitation
source was Al Kα, the test power was 300 W, and C1s (binding energy 284.8 eV) was used before the
test to correct the charge displacement of each element in the test. For the XPS peak, software was
used to fit the peaks of the high-resolution XPS spectra of the corrected elements.
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2.4. Electrochemical Test

The electrochemical impedance spectroscopy (EIS) and the Tafel curve measurements of the
coating were performed by a VersaSTAT 3 electrochemical workstation in the simulated body fluid
(SBF) solution at 37 ◦C to evaluate the corrosion behavior of the coating. SBF [32] composition is shown
in Table 1. All reagents comply with American Chemical Society standards (ACS). The frequency range
of EIS measurements was 10−1–104 Hz. ZsimpWin software was used to perform equivalent circuit
fitting on the impedance results.

Table 1. Chemical composition and reagents grade (ACS, American Chemical Society standards) and
purity used for preparation of simulated body fluid (SBF).

No. Chemical
Formula Amount Reagent Grade Purity Manufacturer

1 NaCl 8.035 g/L ACS reagent ≥99.90%

Comeo Co.,
Ltd., Tianjin,

China

2 NaHCO3 0.355 g/L Bio Reagent ≥99.50%
3 KCl 0.225 g/L ACS reagent ≥99.50%
4 K2HPO4·3H2O 0.231 g/L ACS reagent ≥99.90%
5 MgCl2·6H2O 0.311 g/L ACS reagent ≥98.00%
6 1.0M-HCl 39 mL ACS reagent ≥37.00%
7 CaCl2 0.292 g/L ACS reagent ≥99.90%
8 Na2SO4 0.072 g/L ACS reagent ≥99.90%
9 (CH2OH)3CNH2 6.118 g/L Standard & Buffer ≥99.90%

2.5. Immersion Tests

The temperature of the experiment was maintained at 37.0 ± 0.5 ◦C using a constant temperature
water bath and soaked for 3, 7, and 14 days. The degradation and corrosion resistance of the composite
bio-coating was identified by SEM. The morphology and composition of the sample before and after
immersion were analyzed and studied.

2.6. Slow-Release Drug Measurement

A high-performance liquid chromatography (HPLC) method was established for the qualitative
analysis of berberine standard products. The chromatographic conditions were selected as follows:
column: Hypersil GOLD C18 (100 × 2.1 mm, 1.9 µm); mobile phase: 0.1% formic acid–acetonitrile/0.1%
formic acid water (A/B = 30:70); flow rate: 0.3 mL/min, temperature: 40 °C; injection volume: 10 µL;
detection wavelength: 345 nm. A constant temperature method was used for the in vitro drug release
test. The samples were sealed and placed in an eppendorf (EP) tube, added to a simulated body fluid
with a pH of 7.4, and placed in a 37 °C incubator to simulate the growth environment. Samples were
taken after 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29, and 31 d. Then, 40 µL of the sample was
added to 360 µL methanol, and the same amount of simulated body fluid was added to the EP tube.
The sample was injected into the HPLC, the peak area was recorded at 345 nm, and the cumulative
release of BR was calculated using the peak area. The time was the abscissa and the cumulative release
rate was the ordinate to draw the release curve, and analyze the results.

3. Results and Discussion

3.1. SEM Analysis

The surface morphologies of the various coatings were characterized by SEM, as shown in Figure 1.
The surface of the UMAO coating had a porous honeycomb structure typical of the micro-arc oxidation
process [33,34], as shown in Figure 1a. The porous structure of the coating surface became a channel
for body fluids to etch the substrate, which corroded the pure Mg substrate. The surface of the
UMAO/PLGA/BR coatings was covered by PLGA/BR coating (Figure 1b–d). When the BR content was
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1.5 g/L, the morphology of the micro-arc oxidation began to be obscured. When the content of BR was
3.0 g/L and 6.0 g/L, the surface morphology of the coating changed significantly. Most of the micro-arc
oxidation morphology was filled by PLGA/BR, so the pore size and number were reduced, with better
compactness. As the amount of the drug increased, the morphology of the micro-arc oxidation was
more completely covered. As PLGA was acidic after degradation, the coating had some holes, and the
degraded magnesium could be neutralized with PLGA degradation that was produced to avoid a local
pH that was too low or too high [35].
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Figure 1. Scanning electron microscopy (SEM) cross-sectional morphologies of various coatings:
(a) ultrasonic micro-arc oxidation (UMAO); (b) UMAO/polylactic acid and glycolic acid copolymer
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The cross-sectional morphologies of the coatings with different amounts of BR were characterized
by SEM, as shown in Figure 2. Obvious through holes were seen in the UMAO coating section,
and the coating thickness was 4.8 µm (Figure 2a). UMAO/PLGA/BR coatings had obvious double-layer
superimposed structures, and the interface between the UMAO layer and the PLGA/BR layer was very
clear. When the concentration of BR was 1.5 g/L, UMAO through holes were reduced, and the coating
thickness was 5.4 µm (Figure 2b). At 3.0 g/L of BR, the UMAO through holes were significantly reduced,
and the coating thickness was 7.7 µm (Figure 2c). Compared with the research of Peng [18], the coating
thickness increases and the coating becomes denser. At 6.0 g/L of BR, the coating was dense and the
coating thickness was 6.0 µm (Figure 2d). Comparative analysis of the cross-sectional morphology
of the coating showed that, with the increase of the amount of BR, the thickness of the coating first
increased and then decreased, but the overall coating thicknesses increased and the corrosion channels
were better filled. When the BR drug content reached 3.0 and 6.0 g/L, the cross sections of the coatings
were denser, and the bonding effect between the coatings was better.
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3.2. Phase Analysis of the Coatings

All the samples were investigated from the phase structural point of view. The phase structures of
the various coatings were characterized by XRD, as shown in Figure 3. Contrasted with international
centre diffraction data (ICDD). The UMAO coating mainly consisted of MgO (ICDD file no. 65-0476)
and Mg2SiO4 (ICDD file no. 83-1807) phase [36,37]. MgO and Mg2SiO4 phase were detected
UMAO/PLGA/BR coatings. In addition, owing to the thin film, the Mg phase was detected in various
coatings (ICDD file no. 35-0821).
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3.3. Contact Angle Analysis

The wettability of the various coatings was determined by the static water contact angle, as shown
in Figure 4. The five contact angles measured by various coatings are shown in Table 2. The water
contact angle on the UMAO coating was 20.63 ± 0.56◦ (Figure 4a). Because the surface of the UMAO
coating had higher porosity, the contact angle of the coating was smaller. The water contact angles of the
UMAO/PLGA/BR (1.5 g/L), UMAO/PLGA/BR (3.0 g/L), and UMAO/PLGA/BR (6.0 g/L) coatings were
68.12 ± 0.96◦, 69.73 ± 0.83◦, and 70.46 ± 0.89◦, respectively (Figure 4b–d). After UMAO self-assembled
BR treatment, the contact angle of the coating increased significantly, restricting the entry of corrosive
media and improving the corrosion resistance of the coating [38]. However, the angle was less than
90◦, and the hydrophilic coating did not affect cell adhesion.
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(b) UMAO/PLGA/BR1.5; (c) UMAO/PLGA/BR3.0; (d) UMAO/PLGA/BR6.0.

Table 2. Contact angle of various coatings. UMAO, ultrasonic micro-arc oxidation; BR, berberine.

Sample UMAO BR (1.5 g/L) BR (3.0 g/L) BR (6.0 g/L)

contact angle 1 20.13◦ 67.42◦ 70.23◦ 71.35◦

contact angle 2 20.07◦ 69.08◦ 69.53◦ 69.64◦

contact angle 3 20.93◦ 68.42◦ 68.90◦ 71.12◦

contact angle 4 21.19◦ 67.16◦ 69.43◦ 70.62◦

contact angle 5 20.83◦ 68.52◦ 70.56◦ 69.57◦

average value 20.63 ± 0.56◦ 68.12 ± 0.96◦ 69.73 ± 0.83◦ 70.46 ± 0.89◦

3.4. Coating Roughness

The micro-roughness of the coatings was observed by German Bruker atomic force microscopy
(AFM). The roughnesses of the coatings with different amounts of BR are shown in Figure 5. The BR
changed the micro-roughness of the various coatings. The surface of the UMAO membrane was
densely populated with raised cells and hills, the size was obviously increased, and the roughness
arithmetic (Ra) value was larger (Figure 5a). The surface roughness of BR (1.5 g/L) showed a downward
trend, which effectively eliminated the bumps on the surface of the UMAO and reduced the surface
roughness of the coating (Figure 5b). With the increase in BR content, the surface roughness value
showed an increasing trend. At 3.0 g/L of BR, the bulges and depressions on the film surface increased,
and the roughness of the coating became larger (Figure 5c). The surface roughness at 6.0 g/L of BR
became smaller. This was because BR further filled the holes in the coating surface and the coating
became flat (Figure 5d). It was seen that the amount of BR added greatly affected the Ra value of the
UMAO/PLGA/BR coating. The specific roughness values are shown in Table 3.

Table 3. Roughness values of various coatings.

Sample UMAO BR (1.5 g/L) BR (3.0 g/L) BR (6.0 g/L)

Roughnesses (nm) 246 92.4 190 145
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3.5. XPS Analysis

XPS measurements were carried out to characterize the composition of the coatings, as shown
in Figure 6. Figure 6a illustrates the XPS survey spectra of the different coatings. The chemical
composition and element state of the composite coatings were determined. The BR (1.5), BR (3.0),
and BR (6.0) coatings all produced spectral peaks of Mg, C, O elements, and this result was consistent
with the surface morphology of the coating.

Figure 6b–d illustrate the fine fitting spectra of the O, C, and N elements of the BR (3.0) coating.
Using the BR (3.0) coating as an example, the peaks of the UMAO/PLGA/BR coating were analyzed.
The fine fitting spectrum of the BR (3.0) coating is shown in Figure 6b–d. According to the further
peak analysis of O 1s (shown in Figure 6b), the distinctive peak at 530.8 eV in its fine spectrum is
the binding energy of the oxygen element in the Mg–O bond [39]. Figure 6b illustrates the O 1s XPS
pattern for the UMAO/PLGA/BR coating, in which the Mg–O bond was present at a binding energy
of 530.8 eV and the O element of the –OH was present at a binding energy of 531.4 eV. Figure 6c
illustrates the fine spectrum of C 1s. There were two characteristic peaks at 286.3 eV and 284.6 eV in
the fine spectrum of C 1s. The characteristic peak at 286.3 eV was attributed to the binding energy
of C elements in –C–O– in PLGA. The characteristic peak at 284.6 eV was attributed to the binding
energy of the C element in –C–H and –C–C– in PLGA and the binding energy of the C=C functional
group C in BR [40,41]. Figure 6d illustrates the fine spectrum of N 1s. The characteristic peaks at
398.6 eV and 399.7 eV were attributed to C–N in BR [42]. It was further seen that, after changing the
amount of BR, UMAO/PLGA/BR coating materials were self-assembled on the surface of the pure
magnesium substrate.
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3.6. Corrosion Resistance

The polarization curves of the UMAO, 1.5 g/L, 3.0 g/L, and 6.0 g/L samples are shown in Figure 7.
Relevant electrochemical values were obtained by fitting. The corrosion current density (Icorr) of
the UMAO, UMAO/PLGA/BR (1.5 g/L), UMAO/PLGA/BR (3.0 g/L), and UMAO/PLGA/BR (6.0 g/L)
coatings was 2.26 × 10−6, 3.33 × 10−7, 3.14 × 10−8, and 1.26 × 10−7 A/cm2, respectively. The more
positive corrosion voltage (Ecorr), smaller corrosion rate (CR) and Icorr demonstrate that BR (3.0 g/L)
improves the corrosion resistance of Mg by forming the modified structure as described previously [43].
The corresponding fitting parameters are shown in Table 4.
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The Icorr of UMAO/PLGA/BR coatings with different BR content was at least one order of
magnitude lower than that of UMAO. For the coating prepared by Zhang [44], the corrosion current
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of magnesium alloy in simulated body fluid was 2.05 × 10−6 A/cm2. This illustrates that coatings
with different amounts of BR protected magnesium substrates more effectively than UMAO coatings.
In addition, among the drug-loaded coatings, the UMAO/PLGA/BR (3.0 g/L) coating had the lowest
Icorr value. It is well known that the Ecorr can describe the thermodynamic property, so the corrosion
resistance cannot be evaluated in terms of Ecorr [45]. It can be concluded that the UMAO/PLGA/BR
(3.0 g/L) coating showed a lower corrosion rate and corrosion current density compared with other
coatings. It was inferred that the corrosion resistance of the 3.0 g/L coating was the best.

Table 4. Corrosion current densities and corrosion potentials for different coatings in SBF at 37 ± 1 ◦C.
Icorr, corrosion current density; Ecorr, corrosion voltage; CR, corrosion rate.

Sample UMAO BR (1.5 g/L) BR (3.0 g/L) BR (6.0 g/L)

Ecorr (V) −1.834 ± 0.007 −1.741 ± 0.006 −1.872 ± 0.007 −1.769 ± 0.006
Icorr (A/cm2) (2.26 ± 0.02) × 10−6 (3.33 ± 0.019) × 10−7 (3.14 ± 0.017) × 10−8 (1.26 ± 0.023) × 10−7

CR (mm/yr) 5.16 × 10−3 7.60 × 10−4 7.17 × 10−5 2.88 × 10−4

To further analyze the corrosion behavior of the various coatings, EIS measurements were
performed in the SBF, as shown in Figure 8. The EIS measurements were analyzed using ZsimpWin
software and fitted to the appropriate equivalent circuit. The symbols represent the experimental
data, and the solid lines represent the fitted data. Figure 8a shows the Nyquist plots of the samples.
The Nyquist plot of the UMAO coating is composed of a capacitive loop. The capacitive loop at the
high frequency is attributed to the resistance and capacitance of the electrolyte penetrating through
the UMAO layer [46]. The Nyquist plots of the UMAO/PLGA/BR coatings are composed of widened
capacitive loops. The capacitive loop is attributed to the resistance and capacitance of the electrolyte
penetrating through the PLGA/BR layer at the medium frequency [47]. The radii of the semicircles
corresponding to the UMAO/PLGA/BR coating were visibly larger than those of the UMAO coating.
These results reveal that the UMAO/PLGA/BR coating has a higher impedance value and higher
corrosion resistance.

Figure 8b shows the impedance modulus |Z| of different coatings, which were 4.20 × 104 (UMAO),
5.24 × 105 (BR 1.5 g/L), 1.68 × 106 (BR 3.0 g/L), and 1.41 × 106 (BR 6.0 g/L) Ω·cm2. The impedance
modulus of the drug-loaded coatings was an order of magnitude higher than that of the UMAO coating.
However, after the addition of 6.0 g/L BR, the impedance modulus value of the UMAO/PLGA/BR
coating did not continue to increase. Because the solution was a suspension when 6.0 g/L of BR was
added, it was not conducive to the formation of self-assembled coatings. As we all know, good corrosion
resistance between the coating and the electrolyte corresponds to a higher R value [48,49]. The results
showed that, when the amount of BR was 3.0 g/L, the coating had higher resistance and better
corrosion resistance.

The Bode plots of the coatings with different amounts of BR are shown in Figure 8c. The shapes
were similar. Both coatings have two time constants distributed at a low frequency (10−1–102 Hz) and
a high frequency (102–104 Hz). The low-frequency time constant is the response of the UMAO coating,
and the high-frequency time constant is the response of the PLGA and PLGA/BR layers [46].

The time constant of the high frequency zone was ascribed to the PLGA/BR layer, and the time
constant of the low frequency zone was ascribed to the UMAO layer. The phase angles of BR (1.5),
BR (3.0), and BR (6.0) coatings were 65◦, 68◦, and 62◦, respectively. When the amount of BR added
reached 3.0 g/L, the phase angle of the coating was the largest and the corrosion resistance was the
highest. The Nyquist diagram of the composite coating was consistent with the results of the Bode
diagram, indicating that the BR (3.0) coating had good corrosion resistance.

The equivalent circuit used to fit the electrochemical impedance plot of the coatings is shown
in Figure 8d. The corresponding fitting parameters are shown in Table 5. In the circuit, Rs is the
solution resistance, R1 is the resistance of the UMAO coating, and R2 is the resistance of the PLGA/BR
coating. CPE1(capacitance of coating) and CPE2 are constant phase angle components of electric double
layer capacitors, which represent the capacitive reactance of the UMAO dense layer coating and the
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PLGA/BR drug-loaded layer, respectively. In UMAO, R2 and CPE2 represent load transfer resistance
and interface electric double layer capacitance, respectively. The impedance of the drug-loaded coating
was greater than that of the UMAO coating, indicating that the drug-loaded coating could prevent
corrosion more effectively [50].Coatings 2020, 10, x FOR PEER REVIEW 11 of 17 
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Table 5. Values of the equivalent circuit parameters for the various coatings extracted from the
electrochemical impedance spectroscopy (EIS) plots. CPE, capacitance of coating.

Sample Rs (Ω·cm2) CPE1 (F·cm2) R1(Ω·cm2) CPE2 (F·cm2) R2(Ω·cm2)

UMAO 269.2 4.35 × 10−7 4.37 × 104 2.59 × 10−5 1.18 × 104

BR1.5 126.9 1.67 × 10−7 4.31 × 105 4.16 × 10−6 1.17 × 105

BR3.0 152.1 1.09 × 10−7 7.02 × 105 1.06 × 10−8 1.61 × 106

BR6.0 117.9 1.46 × 10−7 1.95 × 105 7.49 × 10−9 1.29 × 106

Therefore, a conclusion can be drawn from the polarization curve and the EIS impedance; that is,
the corrosion resistance of the coating was improved by doping BR in the PLGA solution to form a
drug-loaded coating. The main reason was that the addition of BR to the PLGA solution was equivalent
to a filler, which can fully block the defects, such as pores, of the ceramic layer in the drug-loaded
coating and prevent the body fluid from penetrating the Mg matrix too quickly, thereby improving the
corrosion resistance.

3.7. Surface Morphology and Phase Composition Analysis in SBF

SEM images of UMAO and UMAO/PLGA/BR (3.0) coatings soaked in SBF solution for 0, 3, 7,
and 14 days are shown in Figure 9. Figure 9a1,b1 shows the surface morphology of UMAO coating
and UMAO/PLGA/BR coating without soaking. Compared with the UMAO coating, after 3 days of
soaking, the surface of the coating was gray, and insect-like substances were deposited on the surface
of the UMAO film around the pores (Figure 9a2,b2). After being immersed for 7 days, cracks appeared
on the surface of the coating, and white deposits in the shape of flower clusters were attached to the



Coatings 2020, 10, 837 12 of 16

cracks. This deposit can effectively fill the cracks and form a new composite surface to prevent the
corrosive medium from passing through the pores or cracks (Figure 9a3,b3), which was also reported
in other studies [51,52]. After 14 days of soaking, the cracks deepened, the number increased, and the
white deposits increased. The surface of the coating material became rough, and its surface area
increased to provide an interface for ion adsorption (Figure 9a4,b4). Because of the extension in the
immersion time, Ca and P elements were enriched and nucleated on the surface, and the mass increased
with time. At the same time, Mg ions gradually degraded from the surface and were replaced by Ca
ions, which‘adsorb more CO3

2− and PO4
3− on the surface of the coating material; when the solubility

product of forming bone-like apatite was reached, a new phase was formed on the surface [53,54],
so the BR coating had excellent biological activity.
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3.8. Slow-Release Drug Measurements

The drug-loaded coating on the metal surface gave it functional requirements [55,56]. According to
the conditions and methods under Section 2.6, the UMAO/PLGA/BR (3.0) sample was subjected to an
in vitro release test. The peak area at 345 nm was measured and used to calculate the cumulative release
of BR. The results are shown in Figure 10. The cumulative release of BR from the UMAO/PLGA/BR
coating reached 92.13% after soaking in the SBF solution for 28 days. Peng [18] and Wang [19] studied
the drugs released for 2–3 days. This prolonged the action time of the drug, increased the concentration
of the drug in the local lesion, and avoided the physical and mental harm to the patient caused by
long-term oral administration or external topical administration.
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Figure 10. Cumulative release curve of the UMAO/PLGA/BR coating in vitro.

4. Conclusions

The UMAO coating has through-pores and these were sealed by the capillarity of the PLGA/BR
coatings to inhibit permeation of body fluid. The corrosion resistance of the UMAO coating was
significantly improved by the coverage of PLGA/BR coatings with higher impedance and lower current
density. This is because the PLGA/BR coating with high cross-link density and networks has a better
capacity to inhibit the permeation of ions. In addition, after the BR-loaded coating was immersed
in SBF for 14 days, a large amount of substance adhered to the surface, and the prepared composite
coating had excellent in vitro biological activity. After 28 days, the cumulative amount of released BR
was 98.12%. Thus, the inclusion of PLGA/BR on the UMAO coatings induces an antimicrobial effect.
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