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A B S T R A C T

Magnesium and its alloys are undoubtedly ideal candidates for manufacturing new bioabsorbable vascular stents 
thanks to their good bio-absorbability and better mechanical characteristics. However, the bottlenecks that 
restrict their clinical application, such as fast corrosion in vivo, poor hemocompatibility, and inferior surface 
endothelial regeneration ability, have not been resolved fundamentally. In this study, a polydopamine (PDA) 
intermediate layer covalently linked with acrylamide was first constructed on the alkali-heat-treated magnesium 
alloys, followed by in-situ polymerizing methacryloyloxyethyl sulfonyl betaine (SBMA) and acrylamide (AAM) to 
fabricate a hydrogel coating on the surface by ultraviolet (UV) polymerization. Finally, bivalirudin and sele
nocystamine were sequentially grafted onto the hydrogel coating surface to construct a multifunctional bioactive 
corrosion-resistant coating with excellent antifouling, anticoagulant performance, and catalytic liberation of NO 
(nitric oxide) to facilitate endothelial cell (EC) growth. The outcomes verified that the bioactive coating could not 
only significantly resist corrosion of magnesium alloys, but also had excellent hydrophilicity and the ability to 
selectively promote albumin adsorption, which could prevent platelet adhesion and activation and significantly 
diminish the hemolysis occurrence, thereby considerably facilitating its anticoagulant properties. At the same 
time, due to the hydrophilicity and extracellular matrix-like characteristics of the hydrogel coating, the coating 
could promote EC growth and upregulate the secretion of vascular endothelial growth factor (VEGF) and NO of 
endothelial cells (ECs). In the case of catalytic NO-liberation, the catalytic release of NO could further signifi
cantly improve blood compatibility, EC growth, and functional expressions of ECs. Therefore, the method in this 
study provides an effective strategy to fabricate the bioactive hydrogel coating that can simultaneously resist 
corrosion and enhance the biocompatibility of magnesium-based alloys, thereby effectively promoting research 
and application of magnesium alloy in intravascular stents.

1. Introduction

Medical magnesium and its alloys are undoubtedly ideal candidates 
for developing new biodegradable vascular stents owing to their good 
bio-absorbability and excellent mechanical characteristics [1]. Howev
er, the fast corrosion in vivo and the inferior biocompatibility that 
restrict their clinical application have not been addressed thoroughly 

[2]. In particular, as a biodegradable metal used in intravascular im
plants, the rapid degradation caused by the complicated physiological 
environment in vivo usually leads to poor surface anticoagulant perfor
mances and inferior endothelial regeneration ability [3,4], which still 
have no fundamental solution at present, resulting in a lot of clinical 
issues, such as in-stent restenosis (ISR) and late thrombus. Studies have 
verified that the excessive corrosion products (Mg2+, H2, Mg(OH)2, etc.) 
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produced by the rapid degradation and the limited surface bioactivity 
play a significant role in the anticoagulant properties and reendotheli
alization of the magnesium-based alloy surface [5,6]. Although great 
advances in the enhancement of anticorrosion have been achieved 
through chemical treatment [7], electrochemical treatment [8], prepa
ration of inorganic non-metallic and polymer coatings [9], and com
posite coatings [10,11], the poor anticoagulant properties and weak 
reendothelialization ability aroused by the fast corrosion have been 
improved to some degree. Additional surface bio-functionalization or 
loading of bioactive factors on these surface-modified layers can further 
improve their biocompatibility and in vivo service effect [12,13]. How
ever, at present, the binding force between most surface-modified layers 
and the magnesium substrate is relatively weak, and the preparation 
process of the coating is also relatively complex and time-consuming [9,
14]. Furthermore, with the gradual biodegradation of the surface 
coating and the premature loss of biomolecules, it is difficult to adapt to 
the physiological and pathological processes within the blood vessels, 
which may still lead to the occurrence of blood coagulation or delayed 
reendothelialization. Therefore, with the aim of achieving a perfect 
adaption between degradation and biocompatibility, discovering new 
surface modification ways to augment the anti-corrosion properties and 
biocompatibility of magnesium-based alloys is urgently needed.

Hydrogel, with a structure similar to the extracellular matrix (ECM), 
is a network polymer that can hold lots of water without dissolving. It 
has good biocompatibility, especially its three-dimensional (3D) porous 
network structure is very suitable for cell metabolism and tissue growth. 
Therefore, hydrogel has been widely explored in biomaterials, injectable 
hydrogel drugs, drug delivery systems, and tissue engineering [15,16]. 
The preparation strategies of hydrogel mainly utilize physical (hydrogen 
bond, electrostatic interaction, hydrophobic force, etc.) or chemical 
(covalent crosslinking) interactions between natural polymers or syn
thetic polymers to form a 3D crosslinked network structure [17]. The 
hydrogel prepared by physical crosslinking often has an inferior inter
molecular binding force, which is generally reversible and has good 
biocompatibility and degradability. However, its mechanical strength is 
limited and its stability in complicated physiological environments is not 
good enough. The hydrogel formed by chemical crosslinking usually has 
covalent bonds between the polymer segments, resulting in better me
chanical strength and stability; however, the biocompatibility may be 
lessened, often requiring further biofunctionalization. Although hydro
gels have been extensively explored in biomedical materials and scaf
folds for tissue engineering, the direct application of current hydrogels 
for surface modification of magnesium alloys has the disadvantages of 
weak binding force with substrate and difficulty in further biological 
modification. In our previous work [18], a polydopamine (PDA) layer 
was first prepared on the alkali-heat-treated magnesium alloy surface, 
then sodium alginate/carboxymethyl chitosan (SA/CMCS) hydrogel was 
immobilized on the surface, followed by the respective grafting of 
selenocystamine and CO-releasing molecule (CORM401) to obtain 
hydrogel coatings that could catalyze the liberation of NO or CO, the 
results demonstrated that the corrosion-resisting properties and 
biocompatibility were augmented obviously.

Ultraviolet (UV)-polymerization represents an effective and facile 
way for in-situ fabrication of hydrogel coatings on the biomaterial sur
face [19]. Compared with other methods, UV-polymerization has the 
advantages of fast reaction speed, low operating costs, and simple 
equipment. Chen et al. [20] fabricated a poly (2-methacryloyloxyethyl 
phosphocholine) (PMPC) coating on the magnesium alloy surface by the 
thiol-ene UV polymerization, significantly enhancing the anticorrosion 
properties in simulated body fluid (SBF) and effectively inhibiting 
platelet adhesion. However, strictly speaking, this coating cannot be 
called a hydrogel coating because only one molecule of MPC was 
polymerized on the surface and the coating has no cross-linking struc
ture. Moreover, PMPC is not conducive to cell growth, thus its appli
cation for stents is limited. In the present study, a PDA coating 
containing acrylamide (AAM) was first fabricated on the magnesium 

alloy (AZ31B) surface, and methacryloyloxyethyl sulfonyl betaine 
(SBMA) and acrylamide were copolymerized on the Mg surface using UV 
polymerization to construct a hydrogel coating (SBMA/2AAM) that had 
excellent antifouling property and could promote endothelial growth. 
The hydrogel coating was covalently linked to the surface C=C groups. 
Combining the property of the strong binding force of the polydopamine 
with the substrate, the hydrogel coating prepared in this study has a 
good binding force with the substrate and is stable in the physiological 
environment. To further improve the anti-corrosion and biocompati
bility, bivalirudin (a direct thrombin inhibitor) and selenocystamine 
capable of catalytical NO liberation from the NO donor were sequen
tially immobilized on the hydrogel coating surface, thereby constructing 
an anticoagulant hydrogel coating that can catalyze the NO generation 
(Fig. 1A and B). Due to the excellent hydrophilicity of the as-prepared 
hydrogel coating, the hemocompatibility of bivalirudin, and the pro
motion of endothelial regeneration of NO, the bioactive coating con
structed in this study could significantly augment the anticorrosion, 
anticoagulant properties, and EC growth of the Mg alloy (Fig. 1C).

2. Materials and methods

2.1. Materials and reagents

The AZ31B magnesium alloy was provided by the Institute of Metal 
Research of the Chinese Academy of Sciences. Methacryloyloxyethyl 
sulfonyl betaine (SBMA), acrylamide, dopamine were purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd. Bivalirudin, 1- 
ethyl-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC), N- 
hydroxysuccinimide (NHS), glutathione (GSH), S-nitrosoglutathione 
(GSNO), rhodamine, and 4,6-diamidino-2-phenylindole (DAPI) were 
bought from Sigma-Aldrich (Shanghai, China). CORM-401 was obtained 
from MedChemExpress (Shanghai, China). The GMP-140 was provided 
by Easy Biotech (Shanghai) Co., Ltd. The NO and VEGF kits were bought 
from Beyotime Biotech Inc. (Shanghai, China) and Quanzhou Juang 
Biotechnology Co., Ltd, China, respectively. The cell culture medium 
was purchased from Thermo Fisher Scientific Inc.

2.2. Fabrication of a bioactive hydrogel coating capable of catalytical NO 
release

The chemical structures of SBMA, acrylamide, bivalirudin, and 
selenocystamine are shown in Fig. 1A. Fig. 1B illustrates the preparation 
process of the bioactive hydrogel coating on the surface. AZ31B mag
nesium alloy platelets (Mg, 12 mm diameter, 5 mm thickness) were 
ground and washed, then treated for 24 h at 75 ◦C by immersing them in 
a 3 M NaOH solution, and the samples were named Mg-OH. To obtain a 
PDA intermediate layer containing C=C groups, Mg-OH was placed in a 
mixed solution of dopamine (2 mg/mL) and acrylamide (2 mg/mL) (pH 
8.5, the volume ratio was 2:1.) to oscillate for 8 h, it was designated as 
Mg-DAM. For UV polymerization, a mixture of SBMA (100 μL, 5 wt %) 
and acrylamide (100 μL, 10 wt %) was evenly covered on Mg-DAM 
surface and then irradiated with UV light (357.8 W) for 8 min. After 
washing with deionized water, the hydrogel coating (Mg-SBMA/2AAM) 
was obtained.

To obtain the anticoagulant hydrogel coating with the ability of 
catalytical NO-generation, bivalirudin and selenocystamine were 
sequentially introduced onto the hydrogel coating. Bivalirudin is an 
anticoagulant peptide containing many carboxyl and amine groups. The 
carboxyl group can be activated by carbodiimide with the help of N- 
hydroxysuccinimide (NHS) to form a succinimide group, which can 
easily form an amide bond with the amine groups of acrylamide and 
selenocystamine, so that bivalirudin and selenocystamine can be suc
cessively immobilized on the magnesium alloy surface modified by 
SBMA/2AAM hydrogel coating. For the grafting of bivalirudin, the Mg- 
SBMA/2AAM was immersed in 20 mL bivalirudin solution (3 mg/mL), 
then 0.14 g EDC and 0.05 g NHS were placed into the solution for 
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reacting for 4 h at room temperature, the obtained sample was named 
Mg-BV. The selenocystamine was immobilized on the Mg-BV surface 
using the same method. Briefly, the Mg-BV was placed into 20 mL 
selenocystamine dihydrochloride (3 mg/mL, in Tris HCl buffer, pH 8.5), 
then 0.14 g EDC and 0.05 g NHS were added to activate the carboxyl 
groups of Mg-BV to form succinimide groups, which can be covalently 
linked with amine groups of selenocystamine. After reaction for 10 min 
at room temperature, the sample was cleaned and labeled as Mg-NO.

2.3. Surface characterization

The changes in chemical structures of the varying specimens were 
examined and analyzed by ATR-FTIR (Perkin Elmer Paragon 2000) and 
XPS (Thermo Fisher Scientific K-Alpha, United States). The surface 
morphologies after surface modification and the surface corrosion 
morphologies at different corrosion intervals were observed and 
analyzed by field emission scanning electron microscopy (FESEM, FEI 
Quata 250, United States). The hydrophilicity was investigated by 
measuring the water contact angle (WCA).

Fig. 1. The chemical structures of SBMA, acrylamide, bivalirudin, and selenocystamine (A), and the scheme of the construction route of the biomimetic coating that 
can catalyze the NO-generation (B) and its mechanism for improving biocompatibility (C).
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2.4. Electrochemical corrosion and degradation behaviors

The electrochemical corrosion behaviors of varying modified mate
rials were characterized by measuring the potentiodynamic polarization 
(PDP) curve and electrochemical impedance spectroscopy (EIS) utilizing 
the three-electrode system on an electrochemical workstation 
(CHi660D, CHI Instruments, Inc, China), which consisted of working 
(sample), auxiliary (platinum wire), and reference (saturated calomel) 
electrodes. The measurement was carried out in 250 mL SBF in an 
electrolytic cell with a scanning speed of 1 mV/s. The Tafel extrapola
tion method was applied to acquire the corrosion parameters (corrosion 
potential (Ecorr) and corrosion current density (Icorr)) according to the 
PDP curve. The corrosion rate was calculated using the equation in the 
literature [21]. The EIS measurement was carried out by scanning from 
105 Hz to 0.01 Hz utilizing a sinusoidal alternating current (10 mV 
amplitude) and the corresponding fitting parameters were acquired 
using ZView software.

To further characterize the corrosion degradation behaviors of 
magnesium alloys, the sealed sample (1 cm2 exposed area) was placed 
into 20 mL SBF solution (pH 7.4) for different periods. Afterward, the 
sample was washed and dried, and then the surface morphologies were 
examined by SEM. In the meantime, during the immersion tests, the pH 
value of each solution was measured at predetermined intervals using a 
pH meter. Three parallel specimens were detected and the values were 
averaged.

2.5. Plasma protein adsorption

The BCA method was implemented to evaluate the protein adsorp
tion behaviors of different surfaces, and two important plasma proteins, 
i.e., bovine serum albumin (BSA) and fibrinogen (Fib), were applied. 
The specimens after sterilization were laid in a 24-well plate, and 1 mg/ 
mL BSA and Fib solutions were added to fully adsorb for 2.5 h at 37 ◦C, 
respectively. After rinsing with phosphate buffer solution (PBS), the 
specimens were transferred into another 24-well plate, and 1 mL solu
tion of 1 wt% sodium dodecyl sulfate (SDS) was added for ultrasonic 
desorption for 0.5 h. Afterward, 200 μL eluent was transferred into a 
disinfected 96-well plate, and then 100 μL BCA working solution was 
added to incubate for 20 min at 60 ◦C. The absorbance was measured at 
562 nm to calculate the amount of adsorbed protein from the standard 
curve.

2.6. Catalytic NO-generation behavior

The Mg-NO sample was placed in a 3 mL PBS solution containing S- 
nitrosoglutathione (GSNO, NO donor, 10 μM), and glutathione (GSH, 
reducing agent, 10 μM) was injected to catalyze the NO generation. The 
specimen was designated as Mg-NO-C. The NO-generation behavior was 
determined utilizing the nitrate reductase method. At the pre- 
determined time, 50 μL PBS after incubation was mixed with 50 μL 
Grignard reagent I and 50 μL Grignard reagent II in a 96-well plate. The 
absorbance values at 540 nm were determined to compute the NO 
amount according to the standard curve.

2.7. Biocompatibility

For blood and EC tests, GSH (10 μM, 200 μL) and GSNO (10 μM, 200 
μL) were injected into the Mg-NO specimen to catalyze NO-generation, 
and the specimen was denoted as Mg-NO-C.

2.7.1. Blood compatibility
The anticoagulant properties of different specimens were evaluated 

using platelet adhesion, platelet activation (plasma α-granule membrane 
protein 140, GMP140), and hemolysis rate. For the detailed procedures, 
please refer to our previous work [22].

2.7.2. EC growth, VEGF, and NO expressions
Cell adhesion: The disinfected sample was cultivated with 0.5 mL EC 

suspension (5 × 104 cells/mL, human umbilical vein endothelial cells, 
ECV304) and 1.5 mL cell culture medium at 37 ◦C and 5 % CO2 in an 
aseptic cell culture plate. After being cultured for 6 h and 24 h, the 
specimen was washed with physiological saline to remove the non- 
attached cells. The adhered cells were fixed by 2.5 % glutaraldehyde 
at 4 ◦C for 3 h. After washing again, the cells were successively stained 
with 100 μL rhodamine (10 μg/mL) for 20 min and 100 μL 4,6-diami
dino-2-phenylindole (DAPI, 500 ng/mL) for 10 min. At last, the im
ages of the cells were collected utilizing inverted fluorescent microscopy 
(Carl Zeiss A2) away from light.

EC proliferation: The CCK-8 method was utilized to characterize cell 
proliferation. ECs were seeded on the surface according to the above 
methods. After that they were cultured for 6 h and 24 h, respectively, the 
samples were placed into a new culture plate, and 0.5 mL CCK-8 solution 
(in 10 % cell culture medium supplemented with 10 % fetal serum al
bumin) was injected. The cells were cultured for 3.5 h at 37 ◦C. In the 
end, 200 μL culture medium was moved into a new 96-well plate and the 
absorbance value was determined at 450 nm.

VEGF expression: The VEGF expression of ECs during cell growth 
was evaluated using the enzyme-linked immunosorbent assay (ELISA) 
method. ECs were cultured with different surfaces for 6 h and 24 h, 
respectively. The VEGF was detected using a commercial VEGF ELISA 
kit. The test was strictly conducted according to the kit instructions.

NO expression: ECs were inoculated onto the sample surface and 
cultured as described above. The nitric acid reductase method was uti
lized to measure the NO amount secreted by ECs. The measurement 
method was the same as the above NO-generation experiment.

2.8. Statistical analysis

At least three parallel samples were measured in this study for pro
tein adsorption, WCA, hemolysis, platelet activation, and EC growth. 
The data were expressed as the mean value ± standard derivation (SD). 
The outcomes were analyzed using the one-way variance analysis, and 
*p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically 
significant.

3. Results and discussion

3.1. Surface characterization

The infrared spectra of the different surface-modified samples are 
shown in Fig. 2A. It is evident that owing to the lack of organic groups on 
the unmodified surface, no obvious infrared absorption was detected on 
its surface. As everyone knows, surface alkali heat treatment of metal 
generally forms dense oxide or hydroxide coatings on the surface, which 
could introduce -OH groups [23]. Consequently, a significant infrared 
absorption of -OH was detected at 3700 cm− 1 on the Mg-OH sample 
surface. This peak is of great significance for subsequent surface modi
fication, it can offer the binding sites for self-assembly or dopamine 
self-polymerization, thereby enhancing the corrosion-resisting proper
ties and the binding strength of the modified layer with the substrate. 
Dopamine is a small molecule that can self-polymerize on surfaces and is 
extensively investigated in the surface pretreatment of biomaterials 
[24]. The structure of the polydopamine (PDA) layer formed under 
different conditions is slightly different, however, all PDA layers can 
react with amine or thiol group through the Michael addition or Schiff 
base reactions [25], which is beneficial for further surface bio
functionalization. The present study utilized this property to produce a 
PDA intermediate layer containing double bonds (C=C) on the surface 
by mixing dopamine and acrylamide, the acrylamide was covalently 
linked with the PDA layer during the self-polymerization, which pro
vided the covalent binding sites for subsequent UV polymerization and 
thus enhanced the binding strength of hydrogel coating with the 
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substrate. As shown in Fig. 2A, after the fabrication of the 
acrylamide-linked PDA layer (DAM), the absorption peaks at 1280 
cm− 1, 1489 cm− 1, and 1579 cm− 1 of Mg-DAM could be attributed to the 
C-O, N-H, and C=C peaks, respectively, demonstrating that the acryl
amide had been introduced successfully on the magnesium alloy surface. 
The introduction of C=C bonds is beneficial for forming covalent bonds 
with SBMA and acrylamide during the subsequent UV polymerization 
process, thereby improving the binding force of the hydrogel layer with 
the substrate. After the fabrication of the SBMA/2AAM hydrogel coating 
through UV photopolymerization, a C=O group appeared at 1725 cm− 1 

on the surface, while the C=C double bond peak almost completely 
disappeared, proving that the hydrogel coating was successfully ob
tained. After covalently grafting the bivalirudin, the surface showed a 
-NHCO- peak at 1387 cm− 1 and an NH peak at 861 cm− 1, which are the 
peaks of bivalirudin [26]. In addition, the peak intensity of the 
O-H/-COOH group at 3700 cm− 1 was strengthened, suggesting the 
successful grafting of bivalirudin. After further grafting of selenocyst
amine, the peak intensity of -NHCO- increased, proving the successful 
introduction of selenocystamine.

Fig. 2B and C shows the XPS survey spectra and high-resolution 
images of some elements of the varying surfaces. Table 1 displays the 
elemental compositions. The Mg surface mainly detected the Mg1s 
(1303.68 eV), O1s (529.43 eV), C1s (284.82 eV), and a strong Auger peak 
of Mg (305.08 eV), indicating that the unmodified Mg alloy was very 

susceptible to oxidation, forming many oxides and some carbon 
contamination. After NaOH treatment, the characteristic peak of Mg1s 
weakened and the C and O contents increased, verifying the production 
of a Mg(OH)2 passivation coating and a few magnesium carbonates on 
its surface. The spectra of Mg1s and O1s also suggested that the Mg1s had 
two binding states, corresponding to the hydroxide and carbonate, 
respectively. A distinct N1s peak appeared on the Mg-DAM sample, the 
surface carbon content increased significantly and the Mg1s decreased, 
suggesting that the DAM coating could uniformly cover the surface, 
which helped improve the corrosion-resisting properties. From the high- 
resolution spectra of Mg-DAM, C1s could be fitted to C-O (286.23 eV), C- 
C (284.78 eV), C=C or C=O (288.48 eV) peaks, indicating that 

Fig. 2. The infrared spectra (A), XPS survey spectra (B), and XPS high-resolution of some elements of the varying magnesium alloy surfaces.

Table 1 
The surface element compositions of the varying samples.

Samples Atomic concentration (at.%)

Mg1s C1s O1s N1s S2p Se3d

Mg 34.59 7.55 57.86 – – –
Mg-OH 14.79 20.74 64.47 – – –
Mg-DAM 9.19 43.15 41.22 6.44 – –
Mg-SBMA/2AAM 2.12 56.87 28.64 8.23 4.14 –
Mg-BV 0.84 57.27 32.10 7.68 2.11 –
Mg-NO 0.54 52.07 37.46 7.79 – 2.68
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acrylamide was successfully introduced into the coating during the self- 
polymerization, which was helpful for subsequent UV covalent poly
merization of the hydrogel coating and thus improved the binding 
strength of the coating with the Mg substrate. The XPS survey spectrum 
of Mg-SBMA/2AAM exhibited a characteristic S2p (168.25 eV) peak with 
a content of 4.14 %, which could be attributed to the sulfonic acid 
groups in SBMA. Meanwhile, the C and N on the surface increased 
significantly because many carbon and nitrogen were introduced after 
the polymerization of acrylamide and SBMA. The S element is the 
characteristic element of SBMA, proving that the SBMA/2AAM hydrogel 
coating had been successfully constructed on the surface. On the other 
hand, for Mg-SBMA/2AAM, C1s can be fitted into C-C (284.78 eV), C-O 
(286.68 eV) and C=O (288.58 eV) peaks, S2p can be decomposed into S- 
O (167.78 eV) and S=O (169.28 eV), implying that the sulfonic acid 
group had been successfully introduced on the surface. After bivalirudin 
was immobilized on the Mg-SBMA/2AAM, the N1s peak slightly 
decreased, however, the changes in C and O were not obvious. At the 
same time, due to the grafting of bivalirudin, the proportion of C and O 
increased, resulting in a decrease of the S element on the surface. The C1s 
peak can be decomposed into three peaks: the binding energies at 
288.28 eV, 285.38 eV, and 284.69 eV, which corresponded to NHCO/ 
COOH, C-N, and C-C, respectively. The N1s spectrum could be fitted into 
N-C=O (402.45 eV) and C-NH2 (399.77 eV) [27]. These outcomes sug
gested that bivalirudin had been immobilized on the hydrogel coating 
surface. After the grafting of selenocystamine, the XPS full spectrum 
showed a characteristic Se3d peak, and the content of Mg1s and the Auger 
peak of Mg decreased significantly, verifying that selenocystamine was 
successfully immobilized on the surface. The N1s peak of Mg-NO can be 
decomposed into 409.78 eV (NHx group), 404.78 eV (-N-C=O), and 
399.53 eV (C-N), respectively. The peaks at 50.46 eV and 49.62 eV in the 
Se3d spectrum may be the 3d3/2 and 3d5/2 of the Se-Se bond, respectively 
[28]. It was worth mentioning that the S element was almost unde
tectable on the Mg-NO surface due to the lack of the S element in sele
nocystamine and the covering effect of the new coating.

The SEM images of the surface morphologies of the varying speci
mens are shown in Fig. 3. The surface of the unmodified Mg alloy had 
obvious scratches caused by polishing. The surface roughness of Mg-OH 
and Mg-DAM was lessened, and the surface became smoother. Due to the 
addition of acrylamide during the self-polymerization of dopamine, 
there were no particle agglomerations on the surface PDA layer. After 
the photopolymerization of SBMA/2AAM hydrogel, a relatively rough 
polymer coating appeared on the surface, which may be caused by the 
aggregation of hydrogel polymers on the surface. After immobilizing 

bivalirudin on Mg-SBMA/2AAM through amide coupling, the surface 
morphology showed a few granular particles (Mg-BV), and the aggre
gation of hydrogel polymers was significantly enhanced, leading to a 
further reduction in surface roughness and a significant improvement in 
coating uniformity. This may be because during the grafting process of 
bivalirudin, the aqueous solution caused the polymer chains of the 
SBMA/2AAM coating to stretch, it reacted with bivalirudin after 
absorbing water on the surface, which changed the spatial structure of 
the surface polymers to some extent, making the coating more uniform 
and denser. After grafting selenocystamine, small white particles 
appeared on the surface. This was due to the further crosslinking of EDC 
on the coating during the grafting process, making the coating denser 
and rougher.

3.2. In vitro electrochemical corrosion and degradation behaviors

Fig. 4 A-C shows the PDP, EIS, and Bode plots of the varying speci
mens, and Table 2 illustrates the data of Ecorr, Icorr, and the annual 
corrosion rate. The values obtained by fitting the EIS curve using the Rs 
(QdlRct) equivalent circuit are exhibited in Table 3. The unmodified Mg 
alloy was prone to corrosion in physiological environments due to its 
excellent chemical activity, so its Ecorr was the lowest (− 1.47 V) and Rct 
was the smallest (2454 Ω cm2), moreover, it had the lowest impedance 
in the low-frequency region, indicating that the unmodified magnesium 
alloy had the greatest corrosion tendency. Therefore, among all mate
rials, its Icorr (1.31 × 10− 5 A cm− 2) and d (2.97 × 10− 1 mm/y) were the 
largest, suggesting that it had the fastest corrosion rate and the worst 
corrosion-resisting properties. Alkaline heat treatment is a commonly 
used method to fabricate the conversion coating on the surface of 
magnesium alloys to enhance anti-corrosion properties [29]. The 
self-polymerized coating of dopamine and acrylamide could effectively 
resist the corrosive medium corroding the substrate. Therefore, after 
NaOH treatment and the preparation of DAM coating, Ecorr went up to 

Fig. 3. SEM morphological images of the different specimens.

Table 2 
The corrosion parameters of the varying magnesium alloys.

Samples Ecorr/V Icorr/A⋅cm− 2 d/(mm/y)

Mg − 1.47 1.31 × 10− 5 2.97 × 10− 1

Mg-OH − 1.36 4.21 × 10− 6 3.61 × 10− 2

Mg-DAM − 0.66 1.38 × 10− 6 3.11 × 10− 2

Mg-SBMA/2AAM − 0.44 8.67 × 10− 8 1.96 × 10− 3

Mg-BV − 0.29 1.32 × 10− 8 2.99 × 10− 4

Mg-NO − 0.20 2.92 × 10− 9 6.60 × 10− 5
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− 1.36 V (Mg-OH) and − 0.66 V (Mg-DAM), respectively, and Icorr was 
lowered by an order magnitude in contrast to that of blank Mg alloy, 
indicating that the corrosion resistance was significantly improved. At 
the same time, the charge transfer resistance Rct and the impedance of 
the low-frequency region raised significantly, suggesting that the alka
line heat treatment and DAM coating could augment the 
corrosion-resisting properties mainly by preventing the charge transfer 
step of electrochemical reactions. Compared with Mg-DAM, the Icorr 
value of the Mg-SBMA/2AAM sample was lowered by about 16 times 
and the Rct was increased by about 2 times, suggesting that the 
anti-corrosion properties of the hydrogel coating modified specimen 
were further improved. This was mainly because the densely 
cross-linked hydrogel coating could effectively isolate the corrosion 
medium from the substrate. In addition, a lot of polar groups (amino, 

carbonyl, and sulfonic acid groups) in the coating also had a repulsive 
effect on corrosive anions (such as Cl− ), effectively preventing the 
migration of corrosive anions and effectively inhibiting charge transfer 
reaction steps [30], finally improving the corrosion resistance. There
fore, the impedance of the low-frequency region also significantly 
increased for Mg-SBMA/2AAM. After grafting bivalirudin on 
Mg-SBMA/2AAM, the Ecorr of Mg-BV continued to shift positively 
(− 0.30 V), and Icorr and d were lowered to 1.32 × 10− 8 A cm− 2 and 2.99 
× 10− 4 mm/y, indicating a lower corrosion rate and corrosion tendency. 
Moreover, the curve in the Bode diagram was the highest, which was 
because the cross-linking effect of EDC on the surface coating during the 
amidation reaction augmented the compactness of the surface coating 
(as shown in Fig. 3), effectively slowing down the biodegradation rate of 
magnesium alloys. After constructing a bioactive coating that could 
catalyze the NO liberation (Mg-NO), the corrosion potential went up to 
− 0.20 V, while having the smallest Icorr (2.92 × 10− 9 A cm− 2) and the 
largest Rct (24118 Ω cm2), implying that the coating had better barrier 
effect for the rapid corrosion of magnesium alloys. On the one hand, the 
increase in coating thickness could inhibit anodic dissolution reactions; 
on the other hand, the completely uniform coverage of the surface 
coating provided better protection for magnesium alloys, thus 
strengthening anti-corrosion properties. In addition, the crosslinking 
effect of EDC on the coating also helped to improve corrosion resistance.

The degradation performance of the different modified Mg alloys 
was further evaluated using immersion experiments. Generally 
speaking, magnesium alloys undergo corrosion degradation in aqueous 

Table 3 
EIS fitting parameters of the varying Mg alloys.

Samples Rs/(Ω⋅cm2) Qdl/(μF⋅cm− 2) Rct/(Ω⋅cm2)

Mg 99.31 1.71 × 10− 5 2454
Mg-OH 92.89 1.16 × 10− 5 4717
Mg-DAM 93.40 9.72 × 10− 6 6365
Mg-SBMA/2AAM 97.63 1.94 × 10− 5 13194
Mg-BV 93.58 1.29 × 10− 6 18186
Mg-NO 97.01 1.54 × 10− 5 24118

Rs, solution resistance; Qdl, double layer capacitance between sample and so
lution; Rct, the charge transfer resistance.

Fig. 4. The polarization curves (A); EIS spectra (B, Line: calculative values; Scatter: original values.) and Bode image (C) of the varying magnesium alloys; (D) pH 
changes of the solutions for immersing varying magnesium alloys.
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corrosive media (such as physiological environments), generating 
magnesium ions, and decomposing water into hydroxide ions and 
hydrogen gas. Therefore, measuring the concentration of hydroxide ions 
(pH value) during the corrosion process can be used to characterize the 
corrosion degradation behavior of magnesium alloys. Generally 
speaking, the more magnesium ions are released per unit time, the more 
hydroxide ions are generated, resulting in varying degrees of pH in
crease in the corrosive medium. The pH alterations of SBF solutions for 
varying modified magnesium alloys are illustrated in Fig. 4D, and the 
corrosion morphologies are displayed in Fig. 5. Combined with the re
sults of Figs. 4D and 5, it could be found that the pH value of the im
mersion solution for the unmodified Mg alloy was much larger than 
those of other samples throughout the entire immersion process, sug
gesting that its corrosion speed was the largest. At the same time, after 1 
day of immersion, obvious corrosion cracks appeared on the Mg surface. 
As the time increased, the corrosion cracks were raised and the di
mensions significantly expanded. After 14 days, large cracks and more 
corrosion by-products could be found, demonstrating that the corrosion 
resistance of the unmodified Mg alloy was worse than other samples. 

This was due to the high chemical reactivity of the unmodified Mg alloy, 
which is extremely prone to degradation, especially in a Cl− environ
ment [31]. The loose surface oxide layer produced by natural oxidation 
can form soluble chlorides upon exposure to a corrosive environment 
containing Cl− . After alkali heat treatment and preparation of DAM 
coating, the pH of the immersion medium was lowered (compared to 
Mg), and no significant corrosion cracks were observed after one day of 
immersion. However, with the increase in immersion time, the surface 
coating dissolved slowly due to unstable chemical properties. After 7 
d immersion, the pH values reached 9.33◦ (Mg-OH) and 9.20◦

(Mg-DAM). After 3 days of immersion, cracks appeared on the Mg-OH 
surface accompanied by the occurrence of white corrosion products, 
which was due to the inability of the surface magnesium hydroxide 
coating to ensure continuous and effective corrosion control in an 
environment containing chloride ions. Therefore, the Mg(OH)2 passiv
ation coating could only moderately protect the substrate from external 
aggressive liquid and play a role in resisting acute corrosion [32]. After 
soaking for 3 days, Mg-DAM also began to corrode, indicating that the 
DAM coating may dissolve, which may be due to the loss of the DAM 

Fig. 5. SEM images of the varying magnesium alloys immersed in SBF for different times.
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coating due to corrosion reactions and Mg2+ pitting at the 
metal-hydroxide interface [19]. After photopolymerization treatment, 
the pH value of Mg-SBMA/2AAM decreased more (compared to Mg), 
which was due to the high crosslinking density of the hydrogel, resulting 
in strong binding force of the coating with the substrate, effectively 
slowing down the corrosion rate. Meanwhile, it could also be observed 
from the SEM images that the cracks could only be found on the 
Mg-SBMA/2AAM surface after 7 days, however, the crack width was 
small and the coating remained intact, manifesting that the protective 
effect of the surface coating was slowly reduced. After grafting bivalir
udin, the pH value increased gently in the first 3 days, suggesting that 
the better coating compactness effectively resisted the corrosion of 
erosive ions. After 3 days of immersion, the pH value rapidly increased, 
which may indicate that the coating was corroded. For Mg-NO, the pH 
value tended to be flat, suggesting that the corrosion speed of Mg-NO 
was the slowest. This was because the increase in coating thickness 
offered long-lasting effective protection for the substrate, consistent 
with the results of electrochemical experiments. From Fig. 5, it can be 
found that the surfaces of Mg-BV and Mg-NO only showed slight 
corrosion cracks after being immersed for 7 days, verifying that the 
surface coating had good anti-corrosion properties and it could act as a 
shielding layer to prevent the penetration of aqueous solutions and 
aggressive ions into the metal surface, thus delaying degradation. After 
soaking for 14 days, the Mg-NO sample showed the slowest corrosion, 
with only a few corrosion by-products produced, consistent with the 
electrochemical results (Fig. 4A). After soaking for 14 days, there was no 
significant degradation, and the relatively intact coating remained, 
possibly due to the increased coating thickness providing good insu
lation against corrosive media.

3.3. Surface wettability and protein adsorption behaviors

When a biomaterial is implanted into the human body, the first event 
that occurs is protein adsorption on the surface [33]. Albumin and 
fibrinogen are two important proteins in the blood. Generally speaking, 
the adsorption of albumin on the surface can improve blood compati
bility, while the adsorption of fibrinogen on the surface can lead to poor 
anticoagulant performance. In addition, as is well known, human tissues 
contain a large amount of water; therefore, the surface wettability of 
biomaterials has a significant impact on their biocompatibility. For 
blood-contact biomaterials, hydrophilic surfaces have better wettability 
and can form hydration layers on the surface, which to some extent 
prevent non-specific protein adhesion and platelet adhesion. At the same 
time, hydrophilic surfaces are also conducive to the adsorption of al
bumin in plasma, thereby improving the anticoagulant performance of 
the biomaterial. The surface wettability goes hand in hand with the 
protein adsorption behavior on the material surface [34], significantly 
influencing blood compatibility and EC growth. This study applied the 
WCA to examine the surface wettability of different modified samples. 

The BCA assay was carried out to investigate the adsorption behaviors of 
two important plasma proteins (albumin and fibrinogen) on different 
Mg alloy surfaces. The results are illustrated in Fig. 6. Compared to the 
unmodified Mg alloy, the WCA of Mg-OH was lowered from 69.7◦ to 
40.1

◦

, suggesting that the NaOH treatment increased the surface hy
drophilicity. Because albumin is more easily adsorbed on hydrophilic 
surfaces, and fibrinogen adsorption occurs more easily on hydrophobic 
surfaces [35], there was a growth in BSA adsorption and a decrease in 
Fib adsorption on the Mg-OH surface. In the process of dopamine 
self-polymerization, the catechol group of PDA can covalently link with 
the amine groups of acrylamide through the Michael addition reaction 
and Schiff base reaction, which may lower the non-covalent forces be
tween PDA molecules and further enhance the hydrophilicity. For this 
reason, the WCA of Mg-DAM continued to decrease to 26.4◦, leading to a 
reduction in the Fib adsorption (26.8 μg/cm2). Hydrogel coating 
generally has an excellent ability to absorb water molecules, so most 
hydrogels have good hydrophilicity. Therefore, after surface photo
polymerization to fabricate the SBMA/2AAM hydrogel coating, the 
surface hydrophilicity was further enhanced, and the WCA was lowered 
to 18.1◦, which led to a significant increase in BSA adsorption. On the 
one hand, the charged groups in the hydrogel coating could form a stable 
hydration layer by combining water molecules through electrostatic 
forces, which exhibit a strong repulsive force on proteins near the 
modified surface, hindering protein adsorption [36]. On the other hand, 
the adsorbed albumin can play a good shielding role in inhibiting the 
transmission of soluble substances and corrosive ions to some degree 
[37], thus improving corrosion resistance and albumin adsorption. As a 
polypeptide anticoagulant, bivalirudin has a lot of hydrophilic groups, 
such as carboxyl (-COOH) and hydroxyl (-OH) groups in its molecule. 
Therefore, further grafting bivalirudin onto the hydrogel coating surface 
should improve its hydrophilicity. However, due to the cross-linking 
effect of EDC on the coating during the grafting of bivalirudin, the 
change in surface water contact angle was not significant. Compared 
with Mg-SBMA/2AAM, although the hydrophilicity changed slightly, 
the albumin adsorption increased significantly, and the fibrinogen 
adsorption decreased, which was due to the strong inhibitory effect of 
bivalirudin on fibrinogen adsorption [38]. Moreover, bivalirudin and 
fibrinogen have the same charge, and this electrostatic repulsion also 
prevents fibrinogen adsorption [39]. After further immobilization of 
selenocystamine (Mg-NO), the water contact angle decreased to 11.0◦, 
and the surface wettability approached the super hydrophilicity, with 
the highest albumin adsorption on the surface. It was considered that the 
existence of surface hydrophilic amine groups and the increase in 
roughness could further enhance the surface hydrophilicity and thus 
promote albumin adsorption. However, it was worth noting that no 
significant change in fibrinogen adsorption could be found compared to 
the Mg-BV.

Fig. 6. Water contact angles (A), BSA (B), and Fib (C) adsorption amount on varying magnesium alloys. Data were obtained from three parallel specimens and 
expressed as mean value ± SD (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance.
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3.4. Catalytic release behavior of NO

Selenocystamine (SeCA) has a GPx-like catalytic activity, it can 
catalytically decompose RSNO to generate NO gas using GSH as a 

reducing agent [40]. The reaction mechanism is RSe − SeR+

2RʹSNO̅̅ →
GSH 2RSe − Rʹ+ 2NO. The Griess reagent method was applied to 

characterize the behavior of in vitro NO-generation, and the results are 
illustrated in Fig. 7. As is evident from Fig. 7, both materials with and 
without reducing agents (Mg-NO-C and Mg-NO) could continue to 
liberate NO in the presence of NO donor (GSNO). In the case of the 
existence of reducing agents (GSH), the NO concentration of Mg-NO-C 
significantly increased, indicating the important role of GSH in the 
catalytic release of NO. Meanwhile, as shown in Fig. 7, NO in both cases 
had a burst release period, which was related to the change in the donor 
concentration of the solution and the presence of surface catalysts. The 
initial solution had a high concentration of NO donor, resulting in a 
rapid NO release, thus exhibiting a significant burst release phenome
non. The burst release without the reducing agent was significantly 
smaller than that of the presence of GSH. However, in the absence of the 
reducing agent, there was a burst NO release, it was related to the nat
ural decomposition of the GSNO donor and the catalytic effect of the 
surface selenocystamine. Selenocystamine still had a certain catalytic 
effect on the NO release without the reducing agent. In both cases of NO 
release, after the burst release period of NO, the NO release tended to 
stabilize. This was because as the time increased, the NO donor con
centration continuously decreased, giving rise to a decrease in the NO 
release through catalytic reaction, thus slowing down the release rate.

3.5. Anticoagulant properties

Fig. 8 A-D displays the morphologies of the attached platelets (A), 
platelet number (B), GMP-140 (C), and hemolysis rate (D) of the varying 
surfaces. It was evident that, owing to the inferior bioactivity of the Mg 
surface, many platelets adhered to the surface, showing a serious ag
gregation state with many pseudopodia, suggesting that many platelets 
were activated. The outcomes of the GMP140 assay also verified that the 
platelet activation on the unmodified Mg alloy was the largest among all 
samples. In addition, the hemolysis rate of the Mg alloy was as high as 
57.3 %, which was because the release of Mg2+ and OH− resulted from 
the fast corrosion of unmodified Mg alloy improved pH value and 
magnesium ion concentration, which increased the osmotic pressure 
difference between the two sides of the membrane of red blood cell 

(RBC), resulting in RBC rupture and thus serious hemolysis. After alkali- 
heat treatment and the fabrication of the DAM layer, the two modified 
layers improved the corrosion-resisting properties to some degree, 
reducing the negative impact of corrosion products on blood compati
bility. As a result, the attached platelets on these surfaces gradually 
decreased, but the GMP140 concentration remained high, indicating 
high platelet activation. Although the hemolysis rates of Mg-DAM and 
Mg-OH decreased significantly, they still did not meet national stan
dards (<5 %), suggesting that blood compatibility needed to be 
improved. Due to the unique 3D network structure of the hydrogel 
coating, it could capture a lot of water molecules, thereby simulating the 
ECM structure. Upon contact with blood, it can lower the frictional 
stimulation on RBCs. The fabrication of the surface hydrogel coating 
further enhanced the corrosion-resisting properties of the Mg alloy. 
During the hemolysis experiment, it almost did not cause corrosion 
degradation. Therefore, the hemolysis value of Mg-SBMA/2AAM was 
reduced to 4.86 %, satisfying relevant national standards (<5 %). In 
addition, the hydrogel coating has good surface wettability, and it can 
effectively prevent fibrinogen adsorption in the plasma, thereby 
reducing the risk of thrombosis and augmenting hemocompatibility. 
Therefore, the adhesion of platelets and the GMP140 expression on the 
Mg-SBMA/2AAM sample were lowered significantly, indicating that the 
coating had good anticoagulant properties. Bivalirudin is a potent, 
highly specific, and reversible thrombin inhibitor that not only inhibits 
the proliferation of smooth muscle cells, allowing the inner layer of 
endothelial cells to recover; but also inhibits thrombin-mediated platelet 
activation and aggregation [41], thus improving the hemocompatibility. 
Unlike heparin, bivalirudin blocks thrombin without cofactors like 
antithrombin III and does not activate platelets [42], making it an ideal 
alternative to heparin. At the same time, bivalirudin can strongly inhibit 
FIB adsorption through the antithrombin pathway [43], which also 
contributes to better hemocompatibility. As shown in Fig. 8, it could be 
observed that grafting bivalirudin on the SBMA/2AAM hydrogel coating 
could further significantly inhibit platelet adhesion and GMP140 
expression. Most platelets adhering to the surface remained spherical 
because bivalirudin could directly inhibit thrombin through specific 
binding to anionic exosomes, clot, and catalytic sites of circulating 
thrombin, thereby reducing platelet adhesion and activation. In the 
meantime, the hemolysis rate of Mg-BV was lessened to 4.07 %, proving 
that the immobilization of bivalirudin on the surface significantly 
improved its anticoagulant properties. It has been demonstrated that 
selenocystamine can exhibit catalytic activity similar to glutathione 
peroxidase (GPx) [44], and induce an increase in cGMP to impede 
platelet adhesion. Meanwhile, a small amount of NO donor in the blood 
would also be catalyzed by the surface selenocystamine to release NO, 
which also had a certain inhibitory action on platelet adhesion and 
activation. Therefore, after further grafting selenocystamine, the 
platelet adhesion and activation were significantly lowered, and at the 
same time, the hemolysis continued to decrease (3.55 %). On the one 
hand, the improved anti-corrosion properties (Fig. 4) can resist the 
contact of corrosive media with the substrate surface, providing better 
protection. On the other hand, the surface wettability (Fig. 6A) endowed 
the coating with a good effect of preventing nonspecific adhesion of 
platelets and RBCs, improving blood compatibility. As an effective gas 
signaling molecule that inhibits platelet adhesion and activation, NO can 
inhibit thromboxane A2 receptors through the phosphorylation of 
cGMP-dependent protein kinases, thereby inhibiting platelet aggrega
tion and activation. NO can act with RBCs by binding with the heme 
portion of hemoglobin, forming S-nitrosylhemoglobin and giving rise to 
the formation of methemoglobin [45]. Therefore, after adding the 
reducing agent (GSH) and NO donor (GSNO), only a few round and 
inactive platelets were observed on Mg-NO-C, with a hemolysis rate of 
only 3.13 %, unveiling that the catalytic release of NO can maintain 
good bioactivity and further improve the blood compatibility.

Fig. 7. The NO liberation curves of Mg-NO and Mg-NO-C.
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3.6. EC growth behaviors

Fig. 9A shows the images of the adhered ECs on varying surfaces at 
different times. Fig. 9 B, C, and D exhibit the outcomes of CCK-8, VEGF, 
and NO assays, respectively. Generally speaking, cells attached to the 
biomaterial surface with a spreading state indicate better cell migration 
and growth performance. As shown in Fig. 9A, cells on the surfaces of 
Mg, Mg-OH, and Mg-DAM exhibit a wrinkled circular shape, indicating 
weaker spreading and migration ability and thus representing subopti
mal cell growth. The adherent cells on the unmodified Mg alloy were the 
lowest and displayed an inferior spreading state, and no significant in
crease could be found after 24 h culture. It was considered that the rapid 
magnesium degradation led to a highly alkaline environment and high 
concentrations of Mg2+, and the surface of the pristine Mg alloy lacked 
cell adhesion sites, making it difficult for ECs to survive on the surface. 
The adhered cells also had difficulty in expressing VEGF and NO, 
resulting in the lowest expression levels of VEGF (23.2 ng/L) and NO 
(1.2 μM/L). The attached cells increased slightly on Mg-OH and Mg- 
DAM, it was considered that the increase in surface hydrophilicity and 
the PDA layer could facilitate the EC growth to a certain extent, which 
was also beneficial to the upregulation of VEGF and NO expression. 
However, the increase in cell quantity was not significant and the cell 
morphologies also exhibited wrinkled circular shape without pseudo
pods, indicating its spreading ability did not ameliorate obviously. After 
the fabrication of the hydrogel coating through photopolymerization, 
the cells significantly increased, the cell morphology began to spread, 
and the CCK-8 value was also increased, showing improved cell growth. 
The expression levels of VEGF and NO for Mg-SBMA/2AAM also further 
increased (118.4 ng/L for VEGF and 6.2 μM/L for NO), which could be 

due to the electrostatic interaction between amine groups and cell 
membranes, they have opposite charges. The structure of the hydrogel 
similar to the ECM and suitable mechanical properties were also 
important factors in promoting cell growth. At the same time, the 
various active groups on the surface were helpful for the adsorption and 
activity maintenance of adhesive proteins, which could enhance the 
growth and functional expression of ECs. Yang et al. [26] reported that 
grafting bivalirudin on the plasma-polymerized polyacrylamide surface 
could enhance EC adhesion, proliferation, and migration, and inhibit 
thrombosis by rapidly promoting the formation of surface endothelium 
in vivo. After bivalirudin was immobilized on the hydrogel coating sur
face, the cell adhesion and proliferation were further improved, with the 
cells showing a spread-out state and exhibiting better cell migration 
ability. At the same time, the expression of VEGF and NO (198.6 ng/L 
and 6.1 μM/L) in the cells adhering to the surface also further increased, 
suggesting that the coating offered a favorable microenvironment for EC 
adhesion and migration, thereby promoting the growth and normal 
functional expression of ECs. Organic selenium can produce superoxide 
through glutathione oxidation or nitrite, both are beneficial in inhibiting 
intimal hyperplasia [46]. After further grafting selenocystamine on the 
Mg-BV surface, the CCK-8 value was further augmented, suggesting a 
high number of cell adhesion and proliferation. It was considered that 
the coating significantly enhanced the corrosion-resisting properties 
while imparting good bioactivity to magnesium alloys, promoting EC 
proliferation and differentiation. Meanwhile, as exhibited in Fig. 9, the 
expression of VEGF and NO on the Mg-BV surface decreased slightly 
after 24 h (196.3 ng/L and 5.3 μM/L). On the one hand, it may be due to 
the excellent hydrophilicity of the Mg-NO surface, which affected cell 
adhesion and inhibited the functional expression of ECs. On the other 

Fig. 8. Morphologies of the attached platelets (A), the number of platelets (B), GMP-140 concentration (C), and hemolysis rate (D) for the varying magnesium alloys. 
Three parallel samples were examined for platelet number, GMP-140, and hemolysis rate; Data were expressed as mean ± SD (n = 3), *p < 0.05, **p < 0.01, ***p <
0.001, ns, no significance.

C. Pan et al.                                                                                                                                                                                                                                      Materials Today Bio 31 (2025) 101473 

11 



hand, the grafting of selenocystamine onto the surface could reduce the 
activity of bivalirudin. NO has been proven to be a gas-signaling mole
cule that can effectively enhance EC adhesion and growth. NO can 
regulate biological processes through its high reactivity and the ability 
to bind with heme iron to activate guanylate cyclase (sGC), which 
produces cyclic guanosine monophosphate (cGMP) to bind with phos
phodiesterase or cGMP-dependent protein kinase (PKG) and thus in
duces a series of events that promote various biological processes, such 
as inhibiting platelet aggregation and promoting EC growth [47]. In 
addition, NO can also inhibit monocyte adhesion and EC apoptosis [48]. 
Therefore, after adding NO donor and reducing agent, the CCK-8 data of 
Mg-NO-C was expanded significantly after 24 h, indicating that the 
continuous NO release induced ECs to secrete more ECM proteins, 
further facilitating EC growth. In addition, in the case of catalytic 

NO-generation, the expression levels of NO and VEGF rapidly increased 
to 219 ng/L and 9.7 μM/L, respectively, indicating that NO provided a 
microenvironment friendly to ECs, significantly enhancing the func
tional expression of VEGF and NO in ECs, thereby facilitating rapid 
regeneration of the endothelium.

4. Conclusion

The hydrogel coating with excellent hydrophilicity was successfully 
fabricated on the magnesium alloy surface using UV photo
polymerization of SBMA and acrylamide, and bivalirudin and seleno
cystamine were grafted on this hydrogel coating, thus constructing a 
hydrogel coating with excellent hemocompatibility and catalytic release 
of NO to promote EC growth. Compared to the unmodified Mg alloy, the 

Fig. 9. (A) The fluorescent images of the endothelial cells attached to the different magnesium alloy surfaces for 6 h and 24 h, respectively. (B) CCK-8 values, (C) 
VEGF, and (D) NO expression of the endothelial cells adhered on the varying magnesium alloy surfaces, five parallel samples were characterized and data were 
expressed as mean ± SD (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001.
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hydrophilicity of the surface-modified Mg alloy was significantly 
enhanced, with the ability to adsorb BSA preferentially and enhanced 
anti-corrosion properties. Meanwhile, surface grafting of bivalirudin 
and selenocystamine not only ameliorated the blood compatibility, 
including inhibiting platelet adhesion and activation, and reducing he
molysis rate, but also effectively facilitated the adhesion, proliferation, 
and VEGF and NO expressions of ECs. In the catalytic release of NO, the 
hemocompatibility, EC growth, and EC functional expression were 
further enhanced. Consequently, the research in this study could be 
applied to modify the surface of magnesium alloy vascular stent mate
rials to augment the corrosion-resisting properties, anticoagulant prop
erties, and ability to facilitate vascular endothelial regeneration, 
promoting the research and application of magnesium-based alloy 
intravascular stents.
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