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Abstract Biodegradable polymer coatings are commonly

used as protective barriers on magnesium (Mg) and its

alloys. The properties of polymers, such as crystallinity and

degradation properties, have a crucial impact on their

corrosion resistance. In this work, polyhydroxybutyrate

(PHB) coatings are deposited on Mg sheets with a thick-

ness similar to that of cardiovascular stents to assess the

degradation behavior, and poly-lactic acid (PLA)-coated

Mg is also investigated to compare the structure–property-

performance relationship. The hydrogen evolution volume

(HEV) of the PHB-coated sample decreases by 30% after

immersion in artificial blood plasma (AP) for 7 days,

whereas the PLA-coated sample shows an increase of

154%. The PHB coating also shows excellent durability at

a constant voltage, compared to severe rupture of the PLA

coating. The degradation behavior of the coated-Mg sam-

ples is evaluated in AP solution containing different con-

centrations of the bovine serum albumin (BSA). Corrosion

is inhibited as the protein concentration increases. The

degradation rates of the Mg, PLA-coated Mg, and PHB-

coated Mg decrease by 65%, 88%, and 75% for 5 g L-1

BSA, respectively. Our results reveal that higher crys-

tallinity and less acidic degradation products give rise to

better durability, while the acid self-catalytic effect leads to

the failure of PLA. The protein-polymer interactions are

determined and the empirical relationship of HEV is

established.

Keywords Magnesium; Poly(3-hydroxybutyrate); Poly-

lactic acid; Protein adsorption; Corrosion resistance

1 Introduction

Percutaneous coronary intervention (PCI) with stent

placement is the most effective and rapid medical process

for vascular stenosis and occlusion [1]. However, the

application of nonbiodegradable stents is limited by late

thrombosis, inflammation, and restenosis [2, 3]. Therefore,

biodegradable alloys, especially magnesium (Mg) alloys,

are considered promising alternatives due to their natural

degradability [4], moderate mechanical properties [5], and

excellent biocompatibility [6–8]. Nevertheless, the rapid

degradation of Mg under physiological conditions can lead

to inflammation and premature service failure [9–11]. For
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example, restenosis was been observed at prematurely

degraded sites of ‘‘Magmaris’’ in the BIOSOLVE series of

studies conducted between 2013 and 2016 [12]. Therefore,

the precise control of Mg degradation is crucial to the

clinical adoption of Mg-based stents.

Surface modification, such as coating deposition, is a

common technique to control corrosion. For example,

degradable polymer coatings like poly-lactic acid (PLA),

poly(e-caprolactone) (PCL), and polyethylene glycol

(PEG) have high potential because of their excellent bio-

compatibility, tunable properties, and drug delivery char-

acteristics [13], but the protection effectiveness is

influenced by their own properties. It has been reported that

the crystallinity and degradation behavior of polymers

significantly influence their protection effectiveness

[14–16]. Common PLA coatings have a crystallinity of

30%–50%, and the amorphous region swells after absorb-

ing water, which assist ion diffusion [17–19]. Weakly

acidic lactide (LA) is generated in the degradation of PLA,

accompanied by the onset of the acidic self-catalytic effect

and inflammation [15, 19, 20]. The durability of PLA

coating is limited. Polyhydroxybutyrate (PHB) with good

biocompatibility is also suitable for anti-corrosion of Mg

alloys [21]. Moreover, it has been shown that biodegrad-

able PHB exhibits a 67% lower degradation rate than PLA

after six-week immersion, due to its higher crystallinity

(60%–80%) [14, 22]. And the main degradation product of

PHB, 3-hydroxybutyric acid (3HB), produces lower acidity

and inflammation [14, 23]. Therefore, the PHB coating is a

promising candidate for durable anti-corrosion of Mg

alloys. Moreover, further detailed studies about the influ-

ence of crystallinity and degradation behavior on protective

behavior are still desired.

The degradation of coated Mg-based stents also depends

on the physiological environment. Proteins (60–80 g L-1)

are the main organic component in human blood and adsorb

on the stent surface after implantation [24]. The protein

adsorption layer acts as an ion diffusion barrier [5], conse-

quently inhibiting hydrolysis of the surface coating. The

degradation of coatings can also impact protein adsorption

and, ultimately, the corrosion behavior of Mg-based stents

[25, 26]. In addition, the interactions between proteins and

polymer coatings are still not well understood, although it

has been shown that protein adsorption is affected by surface

properties, such as roughness, surface charge, and wettability

[27, 28]. For example, negatively charged BSA in simulated

body fluids tends to adsorb more on the positively charged

MgCO3 than the negatively charged CaCO3 [28].

In this work, Mg sheet with a thickness (200 lm) similar

to that of cardiovascular stents is selected as the research

subject for in vitro assessment, in order to better fit the

practical application and more accurately reflect the cor-

rosion behavior of stents. PHB and PLA coatings are

deposited on Mg sheets to investigate the degradation

behavior, corrosion resistance, and blood compatibility, as

illustrated in Fig. 1. Our results reveal the important roles

of crystallinity and acidic degradation products. The pro-

tein–polymer interactions are studied to establish the

relationship between the protein concentration and hydro-

gen evolution.

2 Experimental

2.1 Materials preparation

Pure commercial Mg (99.99%) sheets with a thickness of

200 lm were cut into different sizes according to experi-

mental requirements. They were ground progressively with

silicon carbide sandpapers up to 3000#, cleaned ultrasonically

in ethanol for 10 min, and dried with warm air. PLA particles

and PHB powder were added to dichloromethane (CH2Cl2)

with a ratio of 0.5 g: 20 mL, respectively. The pre-treated

sheets were immersed in the 5 mol L-1 sodium hydroxide

(NaOH) solution for 25 min, rinsed with deionized water and

dried with cold air. The PLA and PHB solutions were dripped

onto the alkalized sample surfaces, respectively. Finally, the

samples were placed in the oven at 80 �C for 1 h. The coated

samples were denoted as A-Mg (with PLA coating) and B-Mg

(with PHB coating), respectively.

2.2 In vitro degradation assessment

2.2.1 Hydrogen evolution

Hydrogen evolution was assessed in artificial blood plasma

(AP, Table 1) containing different concentrations (0, 1, 3,

and 5 g L-1) of bovine serum albumin (BSA) at

37.5 ± 0.5 �C. The dimensions of the coated Mg and bare

Mg (control) samples were 2 cm 9 2 cm. The samples

were placed under a funnel filled with the immersion

medium, and the released hydrogen was collected through

a centrifugal tube inserted upside down on the funnel. The

ratio of the medium volume to the exposed area was

50 mL: 1 cm2 and the immersion time was 168 h. The

volume of hydrogen released and the pH value of the

medium were recorded every 2 h. In the experiment, the

conditions in the long-term immersion test were the same,

and triplicate samples were tested for each condition to

improve the statistics. The hydrogen evolution rate (v) was

defined as shown in Eq. (1).

v ¼ V=ðAtÞ ð1Þ

where V (mL) is the volume of released hydrogen and

A (cm2) and t (h) are the exposed area and immersion time,

respectively.

1Rare Met. (2025) 44(8):5656–5671

Effects of PHB and PLA coatings on the corrosion behavior of ultrathin Mg sheets 5657



2.2.2 Mass loss

The initial mass of the bare Mg was measured before

coating deposition. The coating and corrosion products on

each sample were washed away with the 200 g L-1 chro-

mic acid solution after immersion, and the bare Mg after

corrosion was weighed. The mass loss was calculated by

the mass reduction per unit area.

2.2.3 Mechanical properties

The corrosion residual strength of Mg, A-Mg, and B-Mg

was measured. The sample size was 5 cm 9 1 cm 9

0.2 mm, and a middle area of 2 cm 9 1 cm was

exposed to the medium. The coating and corrosion

products were washed away from the surface after

immersion prior to the tensile test. The uniaxial tension

was applied using a displacement-controlled mode at a

rate of 1 mm min-1. And the upper limit of the applied

force was 100 N. The tensile curves were acquired, and

the corrosion residual strength was the tensile strength of

the corroded samples.

2.3 Analysis and characterization

2.3.1 BSA concentration

The changes in the BSA concentration in the immersion

medium were determined by the bicinchoninic acid (BCA)

assay kit. The immersion medium was diluted to

0.25–0.5 mg mL-1, and the medium (20 lL) was added to

the 96-well plate. 200 lL of the BCA working liquid was

added to each well and incubated at 37 �C for 30 min. The

absorbance at 562 nm was measured by a microplate

reader (Thermo Scientific MULTISKAN FC), and the BSA

concentration in the medium was determined according to

the standard curves [29].

2.3.2 Surface characterization

The surface morphology was observed by scanning elec-

tron microscopy (SEM, Nova Nano SEM450), and the

elemental composition was determined by energy-disper-

sive X-ray spectrometry (EDS, Oxford Aztec X-Max 80).

Fourier transform infrared spectroscopy (FTIR, Nicolet

iS10) was performed in the range between 4,000 and

500 cm-1, with an average of 16 scans at a resolution of

4 cm-1. X-ray photoelectron spectroscopy (XPS, Ther-

mofisher Nexsa) was used to analyze the composition and

chemical states of the elements in the corrosion products.

2.4 Potentiostatic polarization

Constant potential polarization tests (Chnoampemetry)

were performed on the uncorroded Mg, A-Mg, and B-Mg

on an electrochemical workstation (Ametek PARSTAT

3000A-DX) based on the standard three-electrode config-

uration. The sample was the working electrode (WE), and

the saturated calomel electrode and Pt were the reference

Fig. 1 Schematic illustration of the experimental flow

Table 1 Chemical composition of the AP solution

Reagents Composition (g L-1)

NaCl 6.8

CaCl2 0.2

KCl 0.4

MgSO4 0.1

NaHCO3 2.2

Na2HPO4�12H2O 0.318

NaH2PO4 0.026
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(RE) and counter (CE) electrodes, respectively. The elec-

trodes were immersed in the AP solution. The polarization

voltage was set to ? 0.25 V (vs. OC), and the testing time

was 600 s. The current–time (I–t) curve was recorded, and

the surface changes of the samples were observed.

2.5 Hemocompatibility

Table 2 lists the components of the Ca- and Mg-free

phosphate buffered saline solution (PBS) used in the

hemolysis test. The samples and the consumables were

sterilized with ultraviolet light for 5 min before the test.

The experiment was carried out according to the standard

‘‘ASTM F756-17’’ [30].

The pH of the Ca- and Mg-free PBS was adjusted to

7.2–7.4. Mg, A-Mg, and B-Mg were immersed in 10 mL of

PBS, while 10 mL PBS was the negative control group and

10 mL of ultra-pure water was the positive control. 1 mL

of the diluted erythrocyte solution was added to each tube,

followed by incubation and centrifugation. The color of the

solution was recorded. The supernatant (200 lL) was

added to a 96-well plate, and each test was carried out 6

times. Finally, the absorbance at 560 nm was measured on

a microplate reader (Thermo Scientific MULTISKAN FC),

and the hemolysis rate was calculated as shown in Eq. (2).

Hemolysis rate¼
absorbance of experimental sample�absorbance of negative control

absorbance of positive control�absorbance of negative control

�100%

ð2Þ

3 Results

3.1 Hydrogen evolution and characterization

The corrosion resistance of the samples is assessed by

in vitro hydrogen evolution. The hydrogen evolution

curves of the Mg, A-Mg, and B-Mg during 7-day immer-

sion are shown in Fig. 2A, B. PLA and PHB show different

protection in the later immersion stage, which is related to

the properties of the polymer coatings. B-Mg has the

smallest total hydrogen evolution volume (HEV), which is

less than 70% of Mg, after 7-day immersion in the AP

solution. However, the total HEV of A-Mg is

0.64466 mL cm-2, while that of Mg is 0.25383 mL cm-2

(Fig. 2A1), suggesting that the PLA coating promotes the

corrosion of the Mg sheet in the AP solution. The total

HEV decreases with BSA concentration, which is related to

more adsorption of BSA. Compared to 0 g L-1 BSA, the

HEV of Mg, A-Mg, and B-Mg decreases by about 65%,

88%, and 75%, respectively, with 5 g L-1 BSA (Fig. 2A4).

In addition, PLA shows corrosion resistance in the

immersion medium containing 3 and 5 g L-1 BSA. It can

be seen that the BSA concentration shows a more dramatic

effect on the corrosion of A-Mg. For the curves of

hydrogen evolution rate (HER), the hydrogen evolution of

A-Mg exceeds that of Mg after 32 h in AP solution, and

eventually reaches a steady state of about 2.5 times of Mg

(Fig. 2B1). Although HER follows the order of Mg[A-

Mg[B-Mg for 3 and 5 g L-1 BSA, the rise in the HER

curves of A-Mg around 144 h (Fig. 2C3, C4) implies that

the hydrogen evolution of A-Mg exceeds Mg after a long

period. The particular corrosion behavior of A-Mg is

attributed to the degradation of PLA and protein-PLA

interactions. And it can be preliminarily concluded that the

PHB coating offers higher durability and better protection

in vitro compared to the PLA coating. In addition, the HEV

of Mg with a thickness of 4 mm has been shown to sta-

bilize with the immersion time [19]. It is significantly

different from the HEV variation of Mg sheets, especially

A-Mg (Fig. 2A1, A2) boding well for Mg-based cardio-

vascular stents in the blood.

The changes in the BSA concentration with time are

displayed in Fig. 2D1–D3. The discrepancy between the

measured initial concentration and the theoretical value is

attributed to experimental errors, which does not affect the

analysis of the concentration changes. The concentration of

BSA in the media under different conditions reduces dra-

matically during the initial stages of immersion, which is

related to protein adsorption. With the extension of

immersion time, the BSA concentration fluctuates due to

the adsorption-detachment process on the surface of the

sample. The smaller final BSA concentration is attributed

to surface adsorption. BSA adsorption increases roughly

with the initial BSA concentration in the medium, as

shown in Fig. S1. Enhanced adsorption indicates a more

complete protein adsorption layer. In addition, under the

condition of 1 g L-1 BSA, compared with Mg and B-Mg,

the adsorption amount of BSA on the surface of A-Mg

during the immersion process (72–120 h) is the highest. It

implies that more favorable factors for BSA adsorption

have appeared on the corroded surface of A-Mg, such as

charge, roughness.

The morphology and elemental composition of the

corrosion products are shown in Fig. 3. Cracks are

observed from the PLA coatings on A-Mg after immersion

for 7 days in AP solution, as shown in Fig. 3B1. In

Table 2 Chemical composition of the Ca- and Mg-free PBS

Reagents Composition (g L-1)

NaCl 9.0

Na2HPO4�12H2O 0.97

KH2PO4 0.21
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comparison, the PHB coatings are more intact without

obvious cracks (Fig. 3C1). The distribution of corrosion

products is more uniform and denser with increasing BSA

concentration to enable better protection. Notably, there is

no obvious destruction of the PLA coating for 5 g L-1

BSA (Fig. 3B4).

The main element composition of the selected areas in

the red boxes in Fig. 3A–C is shown in Fig. 3D1–D3. The

main elements of the corrosion product are C, O, Mg, P,

and Ca. The Mg salts, such as MgO and Mg(OH)2, are

uniformly distributed on the surface, and calcium and

phosphorus salts are mostly present as granular deposits.

The polymer coating constitutes a carbon source.

Compared to Mg and A-Mg, B-Mg has the highest C

content under the same condition (Fig. 3D3). However,

A-Mg only shows a significant C content for 5 g L-1 BSA

(Fig. 3D2). The C content is consistent with the morphol-

ogy, indicating the better durability of PHB during

immersion, corrosion inhibition effects of BSA, and sig-

nificant effects on A-Mg.

The cross-sectional morphology of the samples after

corrosion is examined, as shown in Fig. 4. The area

between the two yellow dashed lines represents the cross-

section in the images. The upper part is the corroded sur-

face which includes the corrosion product and surface

coating, and the lower part is the conductive adhesive or

Fig. 2 A1–A4 HEV and B1–B4 HER curves during 7-day immersion in the AP solution with different BSA concentrations: A1, B1
AP ? 0 g L-1 BSA; A2, B2 AP ? 1 g L-1 BSA; A3, B3 AP ? 3 g L-1 BSA; A4, B4 AP ? 5 g L-1 BSA, C1–C4 are local enlargement
of B1–B4, respectively. Changes in BSA concentration in different media during immersion: D1 AP ? 1 g L-1 BSA; D2 AP ? 3 g L-1

BSA; D3 AP ? 5 g L-1 BSA
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the back side of the sample. The polymer coatings are

clearly observed, as shown by the orange-framed regions in

Fig. 4B1–B4 and C1–C4. The cracks and delamination of

the PLA coating are shown in Fig. 4B1, B4, and B-Mg

shows better intactness of the PHB coating. The red-frame

region in Fig. 4A1 shows the typical morphology of cor-

rosion product accumulation by perforation. The EDS

maps are displayed in Fig. 4D, and the corrosion products

are mainly composed of Mg, C, and O.

The initial macroscopic and corrosion morphologies

with corrosion products removed from the surface are

displayed in Fig. 5. They directly reflect the extent of

corrosion of the three samples in the immersion media,

which is consistent with the results of hydrogen evolution.

Fig. 3 SEM images of A1–A4 Mg, B1–B4 A-Mg, and C1–C4 B-Mg after 7-day immersion in the AP solution with different BSA
concentrations; D1–D3 chemical compositions of the regions marked by red boxes

1Rare Met. (2025) 44(8):5656–5671
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The PLA coating and PHB coating initially cover the Mg

surface completely. PLA has a higher transparency due to

the crystallinity. Corrosion perforation occurs on Mg and

A-Mg after immersing in the AP solution for 7 days, as

shown in the area marked with the red dashed line

(Fig. 5A2, B2). Local corrosion is more serious on A-Mg,

while Mg coated with PHB exhibits no perforation after

immersion, as shown in Fig. 5C2. The ImageJ software is

employed to analyze the morphologies of Mg, A-Mg, and

B-Mg, as shown in Fig. 5E2–G2. The black regions rep-

resent the corrosion holes, and no perforation occurs in the

white regions. The ratio of the area of corrosion holes to

the total area follows the order of A-Mg (2.695%)[Mg

(0.357%)[B-Mg (0.284%) (Fig. 5D), which demon-

strates that PLA and PHB coatings with different properties

have a large difference in protection. The corrosion mor-

phology of each sample becomes relatively uniform and is

gradually inhibited with increasing BSA concentrations.

The change of PLA-coated Mg is more dramatical. A-Mg

transitions from extensive perforation (Fig. 5B2) to no

perforation (Fig. 5B4), exhibiting lighter corrosion than

bare Mg for 3 g L-1 BSA.

The XPS spectra of the corrosion products for 3 g L-1

BSA are displayed in Figs. 6A–C and S2. The main

components of corrosion products are Mg, C, O, Ca, and P

based on EDS, and N is detected after adding BSA. The

high-resolution XPS spectrum of C 1s exhibits three

peaks. The peak at 284.8 eV corresponds to C–C, that from

organic C–O is detected at 286.0–286.7 eV, and that at

288.0–290.0 eV stems from CO3
2- and organic C=O

[31, 32]. CO3
2- is attributed to carbonate in the corrosion

product, consistent with EDS/FTIR. The organic C=O is

derived from O=C–N in BSA and O=C–O in PLA/PHB

coatings, so there is no C=O peak on the Mg surface

without BSA. The organic C–O mainly comes from O=C–

O in the coating, which is the location of ester group

breakage during the degradation process of the coating.

The XPS spectrum of O 1s contains two peaks. The

peak at 532–534 eV (represented as Peak 1) represents

organic C=O. The peak at 531–532 eV (Peak 2) is assigned

Fig. 4 Cross-sectional morphologies of A1–A4 Mg, B1–B4 A-Mg, and C1–C4 B-Mg after 7-day immersion in the AP solution with
different BSA concentrations; D EDS maps of the red-frame region in A1

1 Rare Met. (2025) 44(8):5656–5671
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to Mg(OH)2 and CO3
2-, and the organic C–O is also in this

range. The area of the two peaks of O 1s under different

conditions (in Figs. 6A2–C2 and S3) shows the relative

content of the corresponding functional groups (Fig. 6D).

The area of Peak 1 of B-Mg is larger than that of A-Mg,

maybe due to peeling of the PLA coating. There are more

corrosion products and more serious corrosion on A-Mg, in

combination with the larger area of Peak 2. The area of

Peak 2 of B-Mg is comparable to that of A-Mg, but

corrosion on B-Mg is less serious according to hydrogen

evolution and SEM morphologies. C–O attributed to the

coating also contributes to the area of Peak 2. The rela-

tively complete PHB coating on the surface of Mg sheets

may be the reason for the large area of Peak 2, as shown by

SEM.

The FTIR spectra of the corrosion product on Mg,

A-Mg, and B-Mg immersed in the BSA-containing AP

medium for 7 days are shown in Fig. 6E1–E4. The broad

Fig. 5 Initial macroscopic and SEM morphologies after corrosion product removal: A1–A5 Mg, B1–B5 A-Mg, and C1–C5 B-Mg.
D Ratios of corrosion hole area to total area; image processing of E1, E2 Mg, F1, F2 A-Mg, and G1, G2 B-Mg after corrosion products
removal and 7-day immersion in the AP solution
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Fig. 6 XPS spectra of A1–A3 Mg, B1–B3 A-Mg, and C1–C3 B-Mg after immersion in the AP ? 3 g L-1 BSA solution for 7 days;
D peak areas of the O 1s spectra in A2–C2 and Figure S3. FTIR spectra of the corrosion products on Mg, A-Mg, and B-Mg immersed
in AP solutions with different BSA concentrations for 7 days: E1 AP ? 0 g L-1 BSA; E2 AP ? 1 g L-1 BSA; E3 AP ? 3 g L-1 BSA; E4
AP ? 5 g L-1 BSA. The vertical coordinate range in the spectra is consistent

1 Rare Met. (2025) 44(8):5656–5671
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band between 3700 and 3000 cm-1 represents the

stretching vibration of –OH [33]. The peak near 1645 cm-1

is attributed to the bending vibration of –OH, and that at

2900–3000 cm-1 is assigned to the alkane bonds [32]. The

peak at 1715–1760 cm-1 corresponds to the stretching of

C=O [32], and those at 1180 cm-1 of A-Mg and

1274 cm-1 of B-Mg represent the stretching of C–O

[34, 35]. Alkanes and C=O are derived from BSA and

coatings, and C–O mainly comes from the coatings. The

peak intensity of C=O and C–O varies with the concen-

tration of BSA and polymer coatings. For example, C=O

and C–O bonds are not detected from the surface of Mg

immersed in the AP solution. The peak at 1400–1420 cm-1

is associated with the asymmetric stretching vibration of

CO3
2-, and that at 820–870 cm-1 is related to the bending

vibration of CO3
2-. The vibrations of PO4

3- bonds can be

observed at 1030 and 560 cm-1 [31, 32, 36], indicating the

presence of carbonate and phosphate in the corrosion

products. In summary, the corrosion product is mainly

composed of Mg(OH)2, Mg/Ca-HPO4/PO4, Ca/MgCO3,

and adsorbed BSA.

3.2 Mass loss and corrosion residual strength

The role of a stent is to expand and support the narrow

blood vessels, so its mechanical property is very important,

which is related to whether it can achieve the support

function as scheduled. However, the stress concentration

caused by local corrosion has a significant impact on the

mechanical property of the stents. Therefore, Mg sheets

with a thickness of 200 lm are selected for immersion

tests. The mass loss and corrosion residual strength are

determined to investigate the effects of different polymer

coatings and BSA concentrations on the corrosion prop-

erties of Mg sheets. BSA concentrations of 0 and 3 g L-1

are selected in the experiments.

The mass loss of Mg, A-Mg, and B-Mg after immersion

in AP ? 0/3 g L-1 BSA solution for 7 days is displayed in

Fig. 7A. The mass loss after corrosion decreases by 37.7%

for Mg, 30.1% for A-Mg, and 27.8% for B-Mg as the BSA

concentration increases. B-Mg shows the smallest mass

loss (\ 0.3 mg cm-2) in different media. The mass loss of

Mg sheets is reduced by more than 60% with the PHB

coating. In contrast, A-Mg shows the largest mass loss,

which is nearly 3 times that of B-Mg.

The tensile experiments are illustrated in Fig. 7B.

Fracture occurs preferentially in the cross perforation,

verifying that severe corrosion critically affects the Mg-

based stents. The tensile curves and corrosion residual

strength (rCRS) are presented in Fig. 7C, D. The change of

rCRS is the same as that of the mass loss. The rCRS value of

Mg increases by 0.36% for 3 g L-1 BSA, while those of

A-Mg and B-Mg increase by 2.45% and 4.09%,

respectively. The rCRS values of A-Mg and bare Mg are

comparable for 3 g L-1 BSA condition. Moreover, the

rCRS shows the order of B-Mg[Mg[A-Mg for different

BSA concentrations (Fig. 7D). The smallest mass loss and

largest rCRS indicate that the PHB coating impedes cor-

rosion of Mg.

3.3 Potentiostatic polarization

Polymer coatings protect Mg by blocking water molecules

and corrosive ions through complex molecular structures.

The electrochemical polarization test applies an electric

field force to Cl- and Mg2? as the driving force for dif-

fusion (Fig. 8A), which can be used to evaluate the ion

barrier ability of PLA and PHB coatings. The changes in

the anodic polarization current with time (I–t curve) and

macroscopic surface morphologies of Mg, A-Mg, and

B-Mg are shown in Fig. 8. Corrosion appears on the Mg

surface immediately after contact with the medium

(Fig. 8C1), as verified by the highest polarization current

(42 mA, Fig. 8B1) after applying the voltage. The

immersion medium becomes turbid as corrosion acceler-

ates due to the polarization voltage. Corrosion products are

deposited on the Mg surface thus preventing the perme-

ation of corrosion ions and further degradation of Mg. As a

result, the corrosion current of Mg drops to 34 mA.

A-Mg shows effective corrosion resistance in the early

stage with a polarization current of about 2 mA. Small

local corrosion sites emerge around 120 s, as shown by the

rectangular selected area in Fig. 8C2. However, the PLA

coating ruptures at 300 s, and H2 continues to be generated

Fig. 7 A Mass loss of Mg, A-Mg, and B-Mg in AP ? 0/3 g L-1

BSA solution after 7-day immersion. B Illustration of tensile
experiments; C tensile curves; D the rCRS of Mg, A-Mg, and
B-Mg in the AP ? 0/3 g L-1 BSA solution after 7-day immersion
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at the PLA-Mg interface (circular area in Fig. 8C2).

Finally, the PLA coating delaminates partially to expose

the Mg surface (Fig. 8C2). Severe corrosion on A-Mg is

indicated by the increase in the I–t curve, and the current

eventually stabilizes at about 9 mA (Fig. 8B2). The change

in current directly reflects the gradual weakening of the

barrier effect of the PLA coating against ion diffusion,

which is related to the hydrolysis of PLA. In turn, the

hydrolysis is attributed to the diffusion of water molecules

and corrosive ions within the coating.

Compared with Mg and A-Mg, the corrosion current of

B-Mg is the smallest. Some local corrosion sites appear

during polarization, but there is no extensive and serious

surface damage in the PHB coating (the rectangular

selected area in Fig. 8C3). The I–t curve of B-Mg is rela-

tively flat with the current being stable between 50 and 75

lA, as shown in Fig. 8B3. It suggests that PHB can stably

block the diffusion of ions, even when driven by an electric

field. Throughout the entire test, the corrosion current

shows the order of Mg[A-Mg[B-Mg. B-Mg has the

lowest electrochemical reactivity, and the morphology of

PHB coating is more complete after destruction (Fig. 8C4).

It implies that the PHB coating blocks corrosive ions more

effectively, has better durability and provides more pro-

tection than the PLA coating.

3.4 Blood compatibility in vitro

The coatings on the surface of cardiovascular stents are in

direct contact with blood. Therefore, in addition to the anti-

corrosion performance, blood compatibility is also assessed

in vitro. The hemolytic properties of Mg, A-Mg, and B-Mg

Fig. 8 A Illustration of the electrochemical assessment setup; B I-t curves of the samples in the AP solution at a constant potential
of ? 0.25 V, and B1–B3 are magnified curves of Mg, A-Mg, and B-Mg, respectively. Macroscopic morphological changes during
polarization of C1 Mg, C2 A-Mg, and C3 B-Mg; C4 final morphologies
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are presented in Fig. 9. The plasma corresponding to the

three experimental samples is light red, and the precipitated

erythrocyte and plasma are separated. All the samples have

good blood compatibility as shown by the acceptable he-

molysis range (\ 5%). The hemolysis rate shows the order

of Mg[A-Mg[B-Mg, disclosing that the PLA and PHB

coatings improve the blood compatibility of bare-Mg,

while the PHB coating has the best effect.

4 Discussion

The protection effectiveness of the PLA and PHB coatings in

the BSA-containing AP solution is evaluated and compared.

The HEV of Mg sheets increases by 154% with the PLA

coating for 0 g L-1 BSA, while PHB reduces the HEV by at

least 30%. The polarization results also show that the PHB

coating provides more effective and stable protection. In

addition, higher BSA concentrations inhibit corrosion. The

corrosion behavior of A-Mg is influenced the most by the

BSA concentration. However, the structure–property–per-

formance relationship and the interactions between proteins

and polymer coatings must be systematically analyzed in

order to establish the relationship between the BSA con-

centration and hydrogen evolution.

4.1 Molecular structure, properties, and anti-
corrosion characteristics of polymer coatings

Corrosion occurs when water molecules and corrosive ions

come in contact with the Mg substrate. The polymer

coating acts as a physical barrier to mitigate permeation.

However, water molecules (H2O) and ions (in the form of

hydrated ions) can diffuse through amorphous regions in

the coating due to the concentration gradient [19, 37]. The

process of permeation of H2O and corrosive ions is shown

in Fig. 10A1, A2. H2O with the smallest size first reaches

the coating-Mg interface to form a Mg(OH)2 layer. The

polymer gradually hydrolyzes, and corrosive Cl- with a

smaller hydrated radius and larger concentration diffuses to

the interface to damage the Mg(OH)2 layer and aggravate

corrosion. Diffusion of H2O and Cl- leads to serious

hydrolysis of the polymer, consequently allowing more

water molecules, anions, and cations to permeate the

coating [15, 34]. Therefore, the protection efficiency is

significantly impacted by the molecular structure and

degradation characteristics of the polymer.

Compared to PLA, PHB is isotactic, with all the chiral

carbon atoms at the same position. Hence, PHB has higher

crystallinity than PLA. Polymers with higher crystallinity

can prevent ion permeation and reduce the corrosion rate

(Fig. 10A1, A2) [17, 19]. Furthermore, PLA swells after

absorbing water to weaken the interactions between

molecular chains, reduce the resistance of ion permeation,

and accelerate the hydrolysis of PLA and corrosion of Mg.

The degradation products of PLA and PHB are LA and

3HB, respectively, and their molecular structures are

shown in Fig. 10B1, B2. There is an extra methylene group

(–CH2) between the hydroxyl group (–OH) and carboxylic

group (–COOH) in 3HB. The closer –OH is to –COOH, the

lower the charge density of O in –O–H in –COOH, thus

making H? dissociation easier. Therefore, LA is more

acidic than 3HB, and the degradation of PLA decreases the

local pH making the dissolution of Mg easier. PLA

degrades more severely due to the acidic self-catalytic

effect [2, 20]. The higher crystallinity, less acidic degra-

dation products, and uncatalyzed hydrolysis explain why

PHB delivers better anti-corrosion performance than PLA.

4.2 Protein-polymer interactions and effects
of protein concentrations on corrosion

Degradation of the polymer coating, corrosion of Mg, and

BSA adsorption occur during immersion. The first two

processes are influenced by BSA adsorption, and the sur-

face properties of the coating or Mg (roughness, density of

the product layer, surface charge, etc.) dictate the BSA-

surface interaction [28].

The interaction between BSA and Mg during immersion

is shown in Fig. 10C1. Mg(OH)2 is formed on the surface

as soon as the bare Mg comes in contact with the medium,

and the surface roughness increases. Mg(OH)2 (isoelectric

point (PI): 10.8–14 [38], pH\ PI) is positively charged

and attracts negatively charged BSA (PI: 4.7–5.2 [39],Fig. 9 Hemolytic properties of Mg, A-Mg, and B-Mg
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pH[ PI). BSA also tends to adsorb around pits. The

combined effects lead to quick adsorption of BSA onto the

Mg surface to form a protective layer, which covers the

electrochemically active surface sites and blocks corrosive

ions [40, 41]. The interaction between BSA and PLA-

coated Mg during immersion is shown in Fig. 10C2. A

large amount of H? generated by local hydrolysis of PLA

attracts BSA electrostatically. The maximum adsorption

capacity of BSA is close to the PI point [28]. Therefore, the

adsorption of BSA on PLA is mainly attributed to the

acidic degradation products. The slightly hydrophobic

surface of PLA and exposed corroded Mg also attract BSA.

As for B-Mg (Fig. 10C3), it mainly attracts BSA due to its

hydrophobicity and slightly larger roughness (Fig. 10B2).

According to the hydrogen evolution results, the rela-

tionship between the amount of protein in the medium and

the total HEV of Mg, A-Mg, and B-Mg can be expressed

by Eqs. (3–5) (Fig. 10D):

V1¼ 0.1064 + 0:1472 � e�
C

0:2286ðR2¼ 0.95998) ð3Þ

V2¼ 0.0975 + 0:5472 � e�
C

0:3763ðR2¼ 0.99580) ð4Þ

V3¼ 0.0474 + 0:1302 � e�
C

0:5066ðR2¼ 0.99838) ð5Þ

where V1, V2, and V3 are the total HEV (mL cm-2) of Mg,

A-Mg, and B-Mg, respectively, and C is the BSA con-

centration (g L-1) added to the medium.

According to Fig. 10D, corrosion is inhibited as the

BSA concentration increases due to a more complete pro-

tein adsorption layer [40]. It can also be inferred that a

larger density of BSA around pits can prevent the ‘‘ani-

sotropic’’ evolution of corrosion, resulting in a uniform

Fig. 10 Schematic diagrams illustrating ion permeation through A1 PLA and A2 PHB coatings on the molecular scale. Molecular
structure and surface morphology of B1 LA and B2 3HB. Schematic diagrams illustrating BSA adsorption on C1 Mg, C2 A-Mg, and C3
B-Mg on the molecular scale. D Fitted curves of hydrogen evolution versus protein concentration of Mg, A-Mg, and B-Mg
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corrosion rate across the surface [26]. The total HEV tends

to be stable at high BSA concentrations. The slope of the

curve of A-Mg (0.5472) is the largest, whereas the slopes

of M (0.1472) and B-Mg (0.1302) are relatively small. The

acidic degradation products of PLA promote BSA

adsorption. The BSA layer exhibits the ion barrier and pH

buffering effects, which effectively inhibit the hydrolysis

of PLA and corrosion of Mg compared with no BSA.

Therefore, the BSA concentration has a large impact on the

corrosion of A-Mg. The corrosion product layer on the Mg

surface has a protective effect, and the PHB coating is an

extremely effective diffusion barrier, which is different

from the corrosion-promotion effect of PLA in the AP

solution. As a result, the BSA concentration and BSA

adsorption have a smaller influence for Mg and B-Mg.

5 Conclusion

In this study, PHB coatings are prepared on Mg sheets, and

the protection capability in different BSA-containing

media is determined and compared with those of PLA

coatings. The hydrogen evolution volume decreases by

30% in the AP solution after 7-day immersion due to the

PHB coating, while that coated with PLA shows an

increase of 154%. Furthermore, compared with PLA-

coated Mg, the PHB-coated Mg has the higher corrosion

residual strength, better durability at a constant polarization

voltage, and blood compatibility. The PHB layer blocks

corrosive ions because of higher crystallinity than PLA.

The limited protection of PLA is also attributed to the

acidic degradation products, acidic self-catalytic effect, and

swelling. Moreover, BSA adsorption leads to the formation

of a surface layer due to electrostatic attraction and

hydrophobic interaction. A more complete physical barrier

is formed at a higher concentration. And BSA tends to

accumulate around corrosion pits to form a high-density

zone and make corrosion more uniform. Therefore, corro-

sion is inhibited as the BSA concentration increases.

Compared with the BSA-free condition, the hydrogen

evolution volume of Mg, PLA-coated Mg, and PHB-coated

Mg decreases by 65%, 88%, and 75%, respectively, for 5 g

L-1 BSA. The effect of PLA on the corrosion of Mg

changes from promotion to inhibition at high protein

concentration.
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Different effects of single protein vs. protein mixtures on

magnesium degradation under cell culture conditions. Acta

Biomater. 2019;98:256. https://doi.org/10.1016/j.actbio.2019.

02.013.

[40] Wagener V, Faltz AS, Killian MS, Schmuki P, Virtanen S.

Protein interactions with corroding metal surfaces: comparison

of Mg and Fe. Faraday Discuss. 2015;180:347. https://doi.org/

10.1039/C4FD00253A.

[41] Heakal FET, Bakry AM. Serum albumin can influence magne-

sium alloy degradation in simulated blood plasma for cardio-

vascular stenting. Mater Chem Phys. 2018;220:35. https://doi.

org/10.1016/j.matchemphys.2018.08.060.

Springer Nature or its licensor (e.g. a society or other partner) holds

exclusive rights to this article under a publishing agreement with the

author(s) or other rightsholder(s); author self-archiving of the

accepted manuscript version of this article is solely governed by the

terms of such publishing agreement and applicable law.

1Rare Met. (2025) 44(8):5656–5671

Effects of PHB and PLA coatings on the corrosion behavior of ultrathin Mg sheets 5671

https://doi.org/10.1002/1097-4628(20000815)77:7%3C1452::AID-APP7%3E3.0.CO;2-S
https://doi.org/10.1002/1097-4628(20000815)77:7%3C1452::AID-APP7%3E3.0.CO;2-S
https://doi.org/10.1016/j.cis.2009.08.003
https://doi.org/10.1016/j.cis.2009.08.003
https://doi.org/10.1016/j.actbio.2019.02.013
https://doi.org/10.1016/j.actbio.2019.02.013
https://doi.org/10.1039/C4FD00253A
https://doi.org/10.1039/C4FD00253A
https://doi.org/10.1016/j.matchemphys.2018.08.060
https://doi.org/10.1016/j.matchemphys.2018.08.060

	Effects of PHB and PLA coatings on the corrosion behavior of ultrathin Mg sheets in artificial blood plasma containing BSA
	Abstract
	Introduction
	Experimental
	Materials preparation
	In vitro degradation assessment
	Hydrogen evolution
	Mass loss
	Mechanical properties

	Analysis and characterization
	BSA concentration
	Surface characterization

	Potentiostatic polarization
	Hemocompatibility

	Results
	Hydrogen evolution and characterization
	Mass loss and corrosion residual strength
	Potentiostatic polarization
	Blood compatibility in vitro

	Discussion
	Molecular structure, properties, and anti-corrosion characteristics of polymer coatings
	Protein-polymer interactions and effects of protein concentrations on corrosion

	Conclusion
	Data availability
	References




