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ABSTRACT

Magnesium alloys are promising materials for biodegradable vascular stents

because of their good biocompatibility and physical properties. The poly-b-
hydroxybutyrate (PHB) coating with vascular endothelial growth factor and

heparin was prepared on the surface of WE magnesium alloys by layer-by-layer

self-assembly technique. In this study, the effects of magnesium alloys with

bioactive drug coating on human umbilical vein endothelial cells (HUVECs) and

blood compatibility were investigated. The results showed that magnesium

alloys with bioactive drug coating could decrease platelet adhesion, platelet

activation, hemolysis rate, fibrinogen adsorption and increase activated partial

thromboplastin time, prothrombin time, dynamic clotting of magnesium alloys.

In addition, magnesium alloys with bioactive drug coating did not alter

cytoskeleton morphological features of HUVECs, promoted cell adhesion and

cell growth, and inhibited cell apoptosis. Therefore, the magnesium alloys with

bioactive drug coating can be considered as potential and degradable bioma-

terials for vascular stents.

Introduction

In recent years, magnesium alloys have been con-

sidered as potential and biodegradable biomaterials

in medical implant materials field due to their

excellent biocompatibility and mechanical properties

[1–6]. However, the degradation of magnesium alloys

in solution limits their application as vascular stent

materials [7]. Hence, it is of great significance to

control the degradation rate of magnesium alloys for

biomedical application.

Researchers have tried to address the degradation

of magnesium alloys through microstructural and

surface modification strategies [8]. As for surface

modification, protective coating is widely applied to

mitigating the degradation of magnesium alloys [9].

In contrast to inorganic coatings, biodegradable

polymeric coatings have better properties [10]. As a
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naturally biodegradable polymeric material, poly-b-
hydroxybutyrate (PHB) belongs to the family of poly-

b-hydroxyalkanoates and has been applied as

biodegradable and biocompatible plastics. PHB can

facilitate cell adhesion and has good biodegradability

and biocompatibility [11–13]. Using PHB as the

coating basement can control the degradation rate of

magnesium alloys [14, 15]. Therefore, this study

chose PHB as the base coating material to control the

degradation of magnesium alloys by adjusting the

thickness and the number of layers of PHB coating. In

addition, as for biodegradable vascular stent materi-

als, they are required to accelerate endothelialization

and ensure the effect of anti-thrombosis. In order to

meet the required properties of vascular stent mate-

rials, LbL self-assembly technology was proposed to

coat materials with drug and construct nanoscale

films on the surface of materials [16].

The purpose of this study was to investigate the

blood compatibility and cell compatibility of mag-

nesium alloys with bioactive drug coating. Firstly, the

PHB coating was prepared on the surface of naked

magnesium alloys. Then, the PHB coating was

ammoniated by 1,6-hexanediamine, and the surface

coating of the material was assembled by LbL self-

assembly technique to construct degradation resis-

tance and bioactive drug coating. Next, blood com-

patibility and cell morphology, cell adhesion, cell

apoptosis and the other properties were used to

determine the biocompatibility of samples. The

composite coating provides a new surface modifica-

tion strategy for the bioactive coating construction of

biodegradable magnesium alloys.

Materials and methods

Materials

Magnesium alloys used in this study were Mg-4.1Y-

2.8Nd-0.2Zn-0.4Zr alloys (4.1%Y, 2.8%Nd, 0.2%Zn,

0.4% Zr and Mg balance; tensile strength: 250 MPa;

yield strength: 180 MPa; elongation: 4%). Chloro-

form, acetone, ethanol and 1,6-hexanediamine/n-

propanol were purchased from Chuandong Chemi-

cal, Chongqing, China. Acid Orange7 (AO) was

purchased from Yousuo Chemical Technology,

China; Phalloidin kit and poly-b-hydroxybutyrate
(PHB) powder were purchased from Sigma-Aldrich,

USA. AO-EB (acridine orange–ethidium bromide)

double dyeing kits were purchased from Solarbio,

Beijing, China. The APTT kits, PT kits, phosphate-

buffered saline (PBS) and heparin were acquired

from Jiancheng Bioengineering, Nanjing, China. The

Roswell Park Memorial Institute (RPMI) 1640 med-

ium and fetal bovine serum (FBS) were obtained from

Hyclone Company, China. The 3,30,5,50-Tetramethyl-

benzidine (TMB) was purchased from horseradish

peroxidase (HRP) YuanyeBio, Shanghai, China. The

VEGF, goat anti-human antibody (IgG) and antibody

protective solution were purchased from Proteintech,

Wuhan, China. HUVECs were from EA.hy926 cell

strain, which was purchased from Cell Bank of Chi-

nese Academy of Sciences, Shanghai, China.

The extracts of blood compatibility test were

obtained by immersing samples in physiological

saline solution at a ratio of 3 cm2/mL and incubated

in water bath for 24 h at 37 �C.
The extracts of cell compatibility test were obtained

by placing the samples into leaching medium at a

ratio of 1.25 cm2/mL for 72 h in an incubator con-

taining 5% CO2, at 37 �C. The extraction medium was

diluted to 25% and 50% solution with RPMI1640

medium supplemented with 10% FBS and stored at

4 �C.

Preparation of coating

The magnesium alloys were cut into pieces of

8 mm 9 2 mm; then, the surface of materials was

polished with metallographic sandpaper of

400#,800#,1000#, 2000# and 4000#. PHB solution was

prepared by dissolving PHB powder in chloroform at

60 �C for 2 h. Then, the materials were cleaned

ultrasonically in acetone, absolute ethanol and ultra-

pure water for 10 min (samples were immersed in

liquid) before drying at room temperature. To con-

struct PHB film on magnesium alloys, magnesium

alloys were incubated in 0.5 g/L of PHB solution.

The primary amino group can react with the ester

group –COO– of PHB by a nucleophilic substitution

under certain conditions. Once one of the amine

groups of hexamethylenediamine (HD) was bound

with main molecular chain of PHB, another amine

group at the distal end would maintain free with a

high probability [17]. Then, the samples containing

PHB coating were put into the 1,6-hexanediamine/n-

propanol solution (6 mg/mL, soluble in n-propanol),

heated in water bath at 40 �C for 30 min and rinsed

with ultra-pure water to remove residual
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hexanediamine. The ammoniated magnesium alloys

were dried in a vacuum oven at 30 �C until the sur-

face was positively charged with constant weight.

The concentration of heparin in ultra-pure water was

3 mg/mL, pH value was 4.2, and the concentration of

VEGF in PBS was 100 mg/mL. To prepare magne-

sium alloys with bioactive drug coating, heparin was

negatively charged by adjusting the pH value of the

solution. In the same way, VEGF is positively

charged. The process was repeated for three times

until six layers of drug coating were obtained on the

surface of materials by LbL self-assembly method

(Fig. 1).

Cell culture

HUVECs were cultured in RPMI1640 medium sup-

plemented with 10% FBS in an incubator containing

5% CO2 at 37 �C.

Preparation of PRP and PPP

Healthy human blood from a volunteer was mixed

with 3.8% sodium citrate at a ratio of 9:1 and cen-

trifuged for 10 min [18, 19]. The supernatant was

platelet-rich plasma (PRP), and precipitate was pla-

telet-poor plasma (PPP). The experimental protocols

were approved by Ethics Committee of Chongqing

University of Technology and based on ISO

10993-4:2017.

Quantification of the amine of samples

The AO/NaOH solution (1 9 10-3 mol/L) was

diluted with NaOH to different concentration gradi-

ents (1 9 10-6 mol/L, 2 9 10-6 mol/L,

3 9 10-6 mol/L, 5 9 10-6 mol/L, 8 9 10-6 mol/L

and 10 9 10-6 mol/L). The absorbance was recorded

at 492 nm by spectrophotometer, and the absor-

bance–concentration standard curve was established.

The samples with PHB coating, ammoniated coat-

ing and bioactive drug coating were immersed in

5 9 10-4 mol/L AO/HCl solution (pH = 3) and

stirred for 5 h at 37 �C to obtain amino/AO ionic

compound on the surface of the samples. After

washing the residual AO, the 1 9 10-3 mol/L NaOH

solution was used to unload the AO in amino/AO

ionic compound. Finally, the density of amine was

quantified by the absorbance–concentration standard

curve.

Platelet adhesion

The magnesium alloys with PHB coating, ammoni-

ated coating and bioactive drug coating were washed

with physiological saline and equilibrated in PBS

buffer for 2 h, respectively. Then, the samples were

placed into PRP and maintained at 37 �C for 1 h, and

rinsed slightly with PBS buffer. The samples were

treated with 2.5% glutaraldehyde solution (preserved

at 4 �C in advance) for 1.5 h, and dehydrated with a

series of graded alcohol solutions (30%, 50%, 70%,

80%, 90%, 95% and 100%) for 30 min each time, then

frozen for 24 h. After the gold spraying, the surface

morphology was observed by scanning electron

microscope (SEM, FEI Nova 400).

Platelet activation

The magnesium alloys with PHB coating, ammoni-

ated coating and bioactive drug coating were

immersed in PRP, respectively, and incubated at

37 �C for 2 h. After removing the plasma, the samples

were blocked with 5% sheep serum for 15 min,

repeating the procedure twice. Then, removing the

surface fluid, the samples with antibody working

solution were incubated for 2 h and washed with PBS

for 5 min, repeating the procedure for three times.

Later, the surface liquid of the sample was removed

and incubated in peroxidase-labelled IgG solution for

1 h. After draining the surface liquid of the sample,

the TMB was added and reacted in the dark for

30 min. Then, adding the same amount of concen-

trated sulphuric acid, the colour reaction was termi-

nated, and the absorbance was recorded at 450 nm.Figure 1 Schematic of LbL self-assembly technique.
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Hemolysis rate

The whole blood containing anti-coagulation was

diluted with physiological saline at a ratio of 4:5.

Then, the extracts of magnesium alloys with PHB

coating, ammoniated coating and bioactive drug

coating were added into the diluted blood, respec-

tively, and placed in a water bath at 37 �C for 60 min.

Physiological saline with fresh human blood was

used as negative controls. The deionized water with

fresh human blood served as a positive control. Then,

each tube was centrifuged at 3000 rpm/min for

15 min. Finally, the absorbance of supernatant was

detected at 545 nm. The process was repeated for five

times. The hemolysis rate of the samples was calcu-

lated using the following formula:

Hemolysis rate %ð Þ ¼ Dt � Dncð Þ = Dpc � Dnc

� �

� 100%

where Dt is the absorbance of the samples, Dnc is

referred to as the absorbance of the negative control,

and Dpc is the absorbance of the positive control.

Fibrinogen adsorption

The magnesium alloys with PHB coating, ammoni-

ated coating and bioactive drug coating were placed

in PPP, respectively, and incubated for 2 h at 37 �C,
subsequently washed three times with PBS blocking

solution in 5% lamb serum. The materials were taken

out and added into HRP-coated goat anti-human

solution at 37 �C and incubated in PBS solution. After

the removal of surface liquid, the samples were put

into new holes, and the developer TMB was added.

After reacting for 5–10 min, the colour reaction was

terminated with sulphuric acid. The absorbance was

recorded at 450 nm.

PT and APTT

The PT and APTT were detected according to the

manual instruction of kits provided by Jiancheng

Bioengineering. The mixture of PPP and extracts of

magnesium alloys with PHB coating, ammoniated

coating and bioactive drug coating were incubated at

37 �C for 3 min, respectively. Then, the mixture was

mixed immediately with preheated prothrombin

reagent and CaCl2 solution, respectively. Finally, the

plasma coagulation time was recorded by a

coagulometer.

Dynamic clotting time

The fresh blood was added to the surface of magne-

sium alloys with PHB coating, ammoniated coating

and bioactive drug coating and incubated at 37 �C for

5, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 min,

respectively. Then, the samples were transferred into

a beaker containing 15 mL of ultra-pure water and

rinsed gently. After shaking, a spectrophotometer

was used to determine the absorbance of the solution

at 450 nm. The clotting time curve was drawn by the

relationship between the absorbance and time.

Cell morphology

HUVECs (1 9 105/mL, 0.5 mL) were cultured with

25%, 50% and 100% concentrations of the cell com-

patibility extracts of different coating samples for

24 h, respectively, and washed with PBS for 3 min,

repeating three times. Later, cells were fixed with

2.5% glutaraldehyde for 2 h and then washed with

PBS for 5 min, repeating three times. Then, the sam-

ples were soaked into 30%, 50%, 70%, 80%, 90%,

100% ethanol for 10 min, respectively. After dehy-

dration, the samples were dried in a vacuum drying

oven for at least 12 h. After gold spraying, the cells

morphology was observed by SEM.

Cytoskeleton

Firstly, HUVECs (1 9 105/mL) were seeded in

24-well plates (0.5 mL per well) and placed in a CO2

incubator for 24 h. After culturing HUVECs with

25%, 50% and 100% concentrations of the cell com-

patibility extracts of different coating samples,

respectively, cells were fixed with 4% polyformalde-

hyde solution for 20 min at room temperature and

washed with PBS for 3 min, repeating three times.

Then, HUVECs were permeabilized with 0.1% Triton

X-100 at room temperature for 10 min. The experi-

mental operation was based on the instruction man-

ual of Phalloidin kit provided by Sigma-Aldrich. The

Actin-Tracker Green (from Phalloidin kit) was dilu-

ted with PBS containing 1% BSA at ratio of 1:40. After

dropping 200 lL of the Actin-Tracker Green staining

solution to the cells, they were incubated at 37 �C for

60 min in dark and washed with PBS for 3 min,

repeating the process for four times. Then, the cells

were observed directly by a laser confocal scanning

microscopy (Leica, GER). Subsequently, cells were
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stained with DAPI and washed with PBS for 3 min,

repeating for three times. Finally, the cytoskeleton

was observed. The cell aspect ratio, cell nucleus

aspect ratio, cell area and fluorescence intensity were

calculated using ImageJ software.

AO/EB staining

HUVECs (1 9 105/mL, 0.5 mL) were cultured with

25%, 50% and 100% concentrations of the cell com-

patibility extracts of different coating samples for

24 h, respectively, and washed with PBS, repeating

for three times. AO/EB staining was carried out

according to the manual instruction provided by the

manufacturer. The cells were observed by a laser

confocal scanning microscopy, in which the dead

cells were appeared in red colour and the living cells

were appeared in green colour. The green cells and

red cells were calculated by ImageJ software.

Statistical analysis

ImageJ software was used to analyse and calculate

cells. All the data graphs were drawn by Orig-

inPro2018, and statistical Program for Social Sciences

(SPSS, version 22.0) was used for statistical analysis.

Comparisons among group means were determined

by one-way analysis of variance (ANOVA), and

multiple comparisons between two means were

conducted by Duncan’s multiple range method. The

p\ 0.05 was considered statistically significant, * for

p\ 0.05, ** for p\ 0.01 and *** for p\ 0.001.

Results and discussion

Density of amine

The quantification of amine concentration is shown in

Fig. 2. The samples after amination (ammoniated

coating and bioactive drug coating) had obviously

higher amine density than the original PHB coating.

The amine density of bioactive drug coating was just

little lower than ammoniated coating, which was

probably caused by the damage of HCl and NaOH in

the process of ionic compound formation or unload-

ing the AO. Otherwise, surface amination can achieve

positively charged surface under physiological con-

ditions and enable the biomaterial surface to interact

electrostatically with the negatively charged cell

surface for increasing the properties of cell and blood

adhesion [20, 21].

Platelet adhesion

As shown in Fig. 3a, b, the number of adherent pla-

telets on the surface of different samples showed

obvious differences. The number of adherent plate-

lets was counted in five randomly selected areas. It

showed that the ammoniated samples had signifi-

cantly more adherent platelets than samples with

PHB coating and samples with bioactive drug coat-

ing. The latter showed few adhered platelets on the

surface of magnesium alloys with bioactive drug

coating.

Platelet adhesion is one of the important elements

for the thrombosis–pathogenesis [22]. The bioactive

drug coating could significantly decrease platelet

adhesion and improve hemocompatibility. Heparin

could reduce the thrombosis [23], which proved that

the bioactive drugs were assembled on the ammoni-

ated samples successfully.

Platelet activation

Figure 4 shows that the ability of platelet activation

for samples with bioactive drug coating was lower

than the other samples, while the ammoniated sam-

ple was the highest. The results were consistent with

other findings that VEGF particles significantly

inhibited platelet adhesion and activation [24]. It

Figure 2 Amine density of different samples. (i) PHB:

magnesium alloys with PHB coating; (ii) ammoniated:

magnesium alloys with ammoniated coating; and (iii) bioactive

drug: magnesium alloys with bioactive drug coating.
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could be considered that the hexamethylenediamine

and positive charge on the surface of ammoniated

samples could increase the possibility of thrombus.

When VEGF particles assembled on the coating, the

samples with bioactive drug coating had better anti-

thrombotic performance than other samples.

Hemolysis rate

Figure 5 shows that the hemolysis rate of samples

with bioactive drug coating was significantly lower

than those of other samples.

Hemolysis rate could serve as an indicator of

damage, which might occur during the sample con-

tact with blood [25]. Hemolysis rate can be used in

screening tests for medical materials in contact with

blood [26]. The ammoniated samples caused great

damage to blood cells (the hemolysis rate is 91.64%),

while the samples with bioactive drug coating

Figure 3 a SEM images of

platelets adhered to

magnesium alloys with

different coatings. (i):

magnesium alloys with PHB

coating, (ii): magnesium alloys

with ammoniated coating, and

(iii): magnesium alloys with

bioactive drug coating.

Original magnification:

500 9. b Comparison of

platelet adhesion on the

surface of magnesium alloys

with different coatings.

(i) PHB: magnesium alloys

with PHB coating; (ii)

ammoniated: magnesium

alloys with ammoniated

coating; and (iii) bioactive

drug: magnesium alloys with

bioactive drug coating.

Figure 4 Effect of magnesium alloys with different coatings on

platelet activation. (i) PHB: magnesium alloys with PHB coating;

(ii) ammoniated: magnesium alloys with ammoniated coating; and

(iii) bioactive drug: magnesium alloys with bioactive drug coating.
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showed a low level of hemolysis rate (0.24%). It has

been demonstrated that VEGF and heparin modifi-

cation could improve blood compatibility [24]. In this

study, low hemolysis rate of bioactive drug samples

might be due to the effects of VEGF and heparin.

Fibrinogen adsorption

The fibrinogen secreted by the liver is present in

blood plasma at a concentration of 200–400 mg/dL. It

yields monomers that can polymerize into fibrin. As

fibrin is a cofactor in platelet aggregation, platelets

need fibrinogen to activate aggregation of platelets

[27]. Therefore, the fibrinogen absorption can be used

to evaluate the blood compatibility of materials [28].

Figure 6 shows that the samples with bioactive drug

coating had a lower ability of fibrinogen absorption

compared to the samples with PHB coating and

ammoniated samples. Thus, the samples with bioac-

tive drug coating had better blood compatibility.

PT and APTT

Figures 7 and 8 show the results of APTT and PT. The

samples with bioactive drug coating had longer

clotting time than other samples and control group.

The APTT and PT assays were used to evaluate the

deficiency or excess of clotting factors [29–33]. They

were also adapted to monitor changes in clotting time

by exposing the fresh human blood to biomaterials

[34]. Both the PT and APTT of the samples with

bioactive drug coating were longer than other sam-

ples. In the clinic, heparin has anticoagulant effect

[35–38]. As the research shows, the heparin can pro-

long PT and APTT. It can be inferred that the bioac-

tive drug coating releases heparin into blood, which

can decrease the possibility of thrombosis.

Figure 5 Hemolysis rate of magnesium alloys with different

coatings. (i) PHB: magnesium alloys with PHB coating; (ii)

ammoniated: magnesium alloys with ammoniated coating; (iii)

bioactive drug: magnesium alloys with bioactive drug coating; (iv)

positive control: distilled water; and (v) negative control: 0.9%

NaCl.

Figure 6 Effect of magnesium alloys with different coatings on

fibrinogen absorption. (i) PHB: magnesium alloys with PHB

coating; (ii) ammoniated: magnesium alloys with ammoniated

coating; and (iii) bioactive drug: magnesium alloys with bioactive

drug coating.

Figure 7 APPT of magnesium alloys with different coatings.

(i) PHB: magnesium alloys with PHB coating; (ii) ammoniated:

magnesium alloys with ammoniated coating; (iii) bioactive drug:

magnesium alloys with bioactive drug coating; and (iv) control:

0.9% NaCl.
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Dynamic clotting time

After materials contact with blood, dynamic clotting

time can be used to test the extent of the intrinsic

clotting factors and show effects of the materials on

the blood coagulation time [39]. Absorbance was

inversely proportional to the blood clotting time.

Figure 9 shows that absorbance of the samples with

bioactive drug coating was slower than other sam-

ples. It could be seen that the clotting time of samples

with bioactive drug coating was longer than those of

other samples. It indicated that bioactive drug pos-

sessed better anti-thrombin properties.

Cells adhesion morphology

As shown in Fig. 10, when the amount of HUVECs

was fewer, cells were flattened and well spread

across the surface and adhered to the substrate with

cellular microextensions. After the cells covered

microslide, cells contacted with neighbouring cells

through short cell processes in a zipper-like manner.

The samples with bioactive drug coating obviously

had more cells on the microslide than control sam-

ples. The amount of cells increased with the concen-

tration of extract. However, for other samples, the

amount of adhesive cells on the microslide decreased

with extract concentration. In Wang’s research, sur-

face modification using bioactive drug coating com-

posed of heparin and VEGF could promote

reendothelialization [40]. The different concentra-

tions of the extracts of the magnesium alloys with

bioactive drug coating could significantly increase

the cell adhesion, which was a positive indicator to

the cytocompatibility [22].

Cytoskeleton morphology

Figure 11 shows the cytoskeleton morphology after

the 25%, 50% and 100% concentrations of the mate-

rials extracts incubating with cells for certain time.

The morphology differences of the samples were

counted and are shown in Fig. 12a–d. The cell stain-

ing with phalloidin could reflect the effects of the

materials on the cells [41, 42]. Comparing the cell

morphology and size after staining with phalloidin, it

was found that cell aspect ratio and fluorescence

intensity were not much different from the control

samples. All samples had no obvious influences on

the morphology of the cells. The cell area of the

samples with bioactive drug coating was larger than

other groups, which was probably because the drug

promoted the growth of the cell.

AO/EB staining kit test

Figure 13 shows the image of HUVECs after AO/EB

staining. The differences of samples are calculated in

Fig. 14, and the ratios of living cells to dead cells of

Figure 8 PT of magnesium alloys with different coatings.

(i) PHB: magnesium alloys with PHB coating; (ii) ammoniated:

magnesium alloys with ammoniated coating; (iii) bioactive drug:

magnesium alloys with bioactive drug coating; and (iv) control:

0.9% NaCl.

Figure 9 Dynamic clotting time of magnesium alloys with

different coatings. (i) PHB: magnesium alloys with PHB

coating; (ii) ammoniated: magnesium alloys with ammoniated

coating; and (iii) bioactive drug: magnesium alloys with bioactive

drug coating.
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the samples with bioactive drug coating and the

samples with PHB coating were larger than that of

the control group. These ratios of naked samples and

ammoniated samples were smaller than that of the

control group.

The ratio of living cells to apoptosis cells can be

used to evaluate the effect of materials on cell injury

[43, 44]. These results showed that the ratio was

inversely proportional to the degree of cell injury.

Therefore, the samples with bioactive drug coating

and PHB coating could reduce cell apoptosis.

Conclusion

In this study, blood compatibility and cell compati-

bility were used to evaluate the biocompatibility of

coated magnesium alloys. It is well known that

heparin has a good anticoagulant effect and can

effectively reduce the possibility of thrombosis

[45, 46]. The hemolysis rate and platelet adhesion of

the magnesium alloys with bioactive drug coating

were much lower than magnesium alloys with other

coatings, and the anti-thrombotic effect was also

better. In addition, the magnesium alloys with

bioactive drug coating greatly prolonged PT and

APTT and prevented clotting on the surface of the

materials. VEGF is a major driver of angiogenesis and

vascular permeability of VEGF receptor 2 (VEGFR2),

which can improve the biocompatibility of the sam-

ple surface with HUVEC and accelerate endothelial-

ization [47, 48]. In this research, these magnesium

alloys with bioactive drug did not change the mor-

phology of the HUVECs, but increased cells growth.

The results of AO/EB staining showed that the

magnesium alloys with bioactive drug coating

Figure 10 Microscopy images of HUVECs adhesion by SEM.

(i) Naked: naked magnesium alloys; (ii) PHB: magnesium alloys

with PHB coating; (iii) ammoniated: magnesium alloys with

ammoniated coating; (iv) bioactive drug: magnesium alloys with

bioactive drug coating; and (v) control: normal cultured cells.

Original magnification: 500 9.
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inhibited apoptosis to some extent. It indicates that

VEGF and heparin can be assembled on the surface of

the PHB coating by LbL self-assembly technique and

maintain biological activity, which has improved

significantly the biocompatibility of magnesium

alloys. Some researchers also developed heparin/

poly-L-Lysine nanoparticles and heparin-LDH/PDA

as vascular stent coating. These strategies could

improve the biocompatibility of materials, but

slightly suppressed cell proliferation and decreased

corrosion resistance [49, 50]. Bioactive drug coating

adversely affected the biocompatibility of the sub-

strate coating.

At present, researchers have done a lot of research

on corrosion resistance and improving biocompati-

bility. However, these researches have not yet been

clearly and effectively applied in clinical practice.

There are still many problems in the development of

new surface modification methods. Heparin and

VEGF were used as coating drugs on magnesium

Figure 11 Cytoskeleton morphology of HUVECs after incubation

with different concentrations of the materials extracts (25%, 50%

and 100%). (i) Naked: naked magnesium alloys; (ii) PHB:

magnesium alloys with PHB coating; (iii) ammoniated:

magnesium alloys with ammoniated coating; (iv) bioactive drug:

magnesium alloys with bioactive drug coating; and (v) control:

normal cultured cells. Actin-Tracker Green showing the

distribution of the microfilament skeleton in the cells; blue DAPI

showing the morphology of the nucleus.
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alloy surface, which could achieve the dual effects of

anti-thrombosis and promote endothelialization. The

results will provide a new strategy for controllable

degradation of magnesium alloys, which can con-

tribute more to human health. In the future, the drug

release behaviour and further research still need to

provide more theoretical basis for the clinical appli-

cation of these materials.
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