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ARTICLE INFO ABSTRACT

Magnesium alloy is considered as one of the ideal cardiovascular stent materials owing to its good mechanical
properties and biodegradability. However, the in vivo rapid degradation rate and the insufficient biocompat-
ibility restrict its clinical applications. In this study, the magnesium alloy (AZ31B) was modified by combining
the surface chemical treatment and in-situ self-assembly of 16-phosphonyl-hexadecanoic acid, followed by the
immobilization of chitosan-functionalized graphene oxide (GOCS). Heparin (Hep) and GOCS were alternatively
immobilized on the GOCS-modified surface through layer by layer (LBL) to construct the GOCS/Hep bioactive
multilayer coating, and the corrosion resistance and biocompatibility were extensively explored. The results
showed that the GOCS/Hep bioactive multilayer coating can endow magnesium alloys with an excellent in vitro
corrosion resistance. The GOCS/Hep multilayer coating can significantly reduce the hemolysis rate and the
platelet adhesion and activation, resulting in an excellent blood compatibility. In addition, the multilayer
coating can not only enhance the adhesion and proliferation of the endothelial cells, but also promote the
vascular endothelial growth factor (VEGF) and nitric oxide (NO) expression of the attached endothelial cells on
the surfaces. Therefore, the method of the present study can be used to simultaneously control the corrosion
resistance and improve the biocompatibility of the magnesium alloys, which is expected to promote the appli-
cation of magnesium alloys in biomaterials or medical devices, especially cardiovascular stent.
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1. Introduction

Cardiovascular disease is a global disease with high mortality and
its incidence has been increasing continuously. After drug therapy and
surgical treatment (such as coronary artery bypass grafting), interven-
tional therapy, represented by stent insertion, has become the main
effective method to treat the stenotic cardiovascular disease. However,
severe inflammatory reactions and high in-stent restenosis (ISR) rate
(20-30%) occur frequently after the implantation of bare metal stents,
leading to higher mortality [1]. Although the drug-eluting stent can
release anti-proliferative drugs loaded on the stent surface to sig-
nificantly reduce the ISR incidence, the released drugs (such as rapa-
mycin and paclitaxel) can also inhibit the endothelium healing when it
prevents the smooth muscle cells proliferation. Therefore, it may delay
the regeneration of natural vascular intima and increase the risk of
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subacute thrombosis, late thrombosis and in-stent restenosis [2].

In recent years, the third-generation biodegradable vascular stent
has been widely concerned. After vascular remodeling, the biodegrad-
able stent can be safely adsorbed by human body. The degradation
products are excreted from the body through metabolism without
restenosis, thrombosis and other complications, consequently, it may
completely solve the clinical problems of the bare metal stent and drug-
eluting stent. Magnesium and its alloys are one kind of the ideal can-
didates to prepare the biodegradable vascular stents because of their
suitable mechanical properties and the non-toxic degradation products
[3,4]. However, magnesium alloy degrades fast in vivo due to its active
chemical properties under the physiological conditions. Upon de-
gradation, it is easy to produce excessive hydrogen gas, increase the
local alkalinity and enrich the secondary corrosion products around the
implanted tissue, resulting in the premature loss of the mechanical
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properties and the limited biocompatibility. The toxic reaction to the
surrounding tissue can delay the intima tissue healing and regeneration
and eventually lead to the implantation failure. It is well known that the
corrosion resistance and biocompatibility of the magnesium alloys are
closely associated with the surface properties, therefore, surface mod-
ification represents an effective approach to control the electrochemical
corrosion behavior and improve the blood compatibility, as well as
promote the endothelial tissue healing.

Basically, two main strategies, including alloying and surface
modification, are usually applied to enhance the corrosion resistance of
the magnesium alloys. The corrosion resistance of the magnesium alloys
is affected by many factors such as metallographic structure and im-
purities, therefore reducing the content of harmful impurity elements
such as Co, Ni, Ba, Cd and adding some beneficial alloy elements (in-
cluding Ca, Mn, Y, RE, Zn, Sn, Sr, Zr, Al, etc) can refine the grains and
strengthen the second phase, as well as reduce the cracking of the
passivation film, finally leading to the improved corrosion resistance,
excellent mechanical properties and better biocompatibility to some
degree [5,6]. Surface modification is another effective, facile, and
popular way to improve the corrosion resistance and biocompatibility.
The current surface modification methods mainly consist of three
strategies, including the formation of the chemical conversion layer by
chemical treatment or electrochemical treatment (such as micro arc
oxidation, fluorination treatment, alkali heat treatment.), construction
of the surface modified layer by plasma treatment and ion implantation,
and deposition of the inorganic coating or introduction of the organic
bioactive molecules to form the surface covering coating (such as hy-
droxyapatite, self-assembly layer and polymer coating.) [7,8]. Although
a plenty of works regarding surface modification of the magnesium
alloys has been reported [9-11], the current methods have not achieved
the satisfactory clinical results. As a biodegradable stent material, there
are still many problems, including endothelium hyperplasia, throm-
bosis and stent collapse caused by the fast corrosion, to be solved [12].

Magnesium alloys, as a vascular stent material, should have the
controllable biodegradability and excellent biocompatibility, as well as
the abilities to regulate the physiological responses of human blood and
surrounding environment [13,14]. Layer by layer (LBL) is a novel and
facile surface modification technology which is based on the electro-
static interaction of the electrolytes with opposite charges. It has been
widely used for surface modification of biomaterials to improve the
biocompatibility [15]. It can also be used to modify the magnesium
alloy surface to introduce a variety of bioactive molecules to build a
bioactive surface with specific functions so that the modified surface
can effectively regulate the interfacial interactions between the implant
and surrounding environment [16]. Simultaneously, the multilayer
structure can effectively increase the amount of the biomolecules and
increase the coating thickness to control the in vitro and in vivo elec-
trochemical degradation behaviors and biocompatibility.

Graphene oxide (GO) is a nanomaterial with a single-carbon struc-
ture, and it has a huge specific surface area, good mechanical properties
and biocompatibility. The oxygen-containing groups (including car-
boxyl, hydroxyl and epoxy groups.) on GO surface can effectively en-
hance the corrosion resistance of the magnesium alloy when it is de-
posited on the magnesium alloy surface [17]. At the same time, GO can
promote cell adhesion and proliferation due to its ability to adsorb
extracellular matrix proteins by noncovalent interactions, electrostatic
forces or hydrogen bond. In addition, the active groups of GO can be
linked with other biomolecules to enhance its bioactivities [18,19].
Chitosan is a kind of natural derived polysaccharide polymer with good
biocompatibility and biodegradability, it can promote cell adhesion and
proliferation. At the same time, chitosan contains a lot of positive
charges and has good antibacterial properties [20,21]. Therefore,
functionalization of GO by chitosan can significantly enhance its bio-
compatibility, and the immobilization of chitosan-functionalized GO on
the magnesium alloy surface can not only enhance the corrosion re-
sistance, but also obtain a better bioactivity. In addition, the chitosan-
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functionalized GO coating can create a positive charged surface to bind
the negatively charged biomolecules. Heparin is a kind of poly-
saccharide with negative charges and excellent anticoagulant, and it is
widely used in the surface modification of biomaterials to improve the
blood compatibility. Heparin combined with related drugs can inhibit
the formation of inflammation [22] and promote the endothelial cell
growth to a certain extent [23]. The strong electronegativity of heparin
endows it with better ability to bind with the positively charged sub-
stances to fabricate the bioactive multilayer coating.

In view of the limited corrosion resistance and poor biocompat-
ibility of the magnesium alloys, in the present study, graphene oxide
(GO) was firstly functionalized by chitosan to prepare chitosan-func-
tionalized GO (GOCS), and then GOCS was grafted on the AZ31B
magnesium alloy surface. Finally, negative charged heparin and posi-
tive charged GOCS were alternatively deposited on the GOCS-functio-
nalized magnesium alloy to prepare the GOCS/Hep multilayer bioactive
coating. The advantage of the multilayer coating is that it cannot only
improve the corrosion resistance of the magnesium alloy, but also
endow the surface with good blood compatibility as well as promote the
adhesion and proliferation of the endothelial cells, thus the multi-
functional surface can be obtained.

2. Materials and methods
2.1. Surface modification of magnesium alloy

The chitosan-functionalized GO was firstly prepared. To this end,
GO (XFNANO Materials Tech Co., Ltd, Nanjing, China. The GO thick-
ness and diameter are about 0.8-1.2 nm and 0.5-5 pm, respectively.)
was fully dispersed ultrasonically in the deionized water to obtain a
1 mg/ml dispersion, and chitosan (Adamas Reagent Co., Ltd) was dis-
solved into 0.2% acetic acid (pH = 5) to form a 5 mg/ml solution. The
solutions of graphene oxide and chitosan were thoroughly mixed ac-
cording to the volume ratio of 1:5, and then 10 mM EDC/NHS (3:1) was
added. After magnetic stirring for 12 h, the solution was put into the
dialysis bag (MW: 3500) in the deionized water for 5 days to obtain the
chitosan-functionalized graphene oxide (GOCS).

The AZ31B magnesium alloy sheet (15 mm diameter, 3 mm thick-
ness) was successively polished by the 400#, 600#, 800#, 1200#,
2000+# sandpapers. After ultrasonically cleaned with acetone, deionized
water and anhydrous ethanol for 10 min, respectively, the sample was
put into a 3 M 75 °C NaOH solution to treat 24 h and it was recorded as
Mg—OH. After cleaned and dried by the compressed air, Mg—-OH sample
was modified by immersing it into 5 mM 16-phosphonyl-hexadecanoic
acid solution (in ethanol) for 24 h. The sample was then treated at
120 °C in an oven for 12 h and recorded as Mg-16. Mg-16 was immersed
into EDC/NHS solution (10 mM) for 2 h to activate the surface, fol-
lowed by incubating 2 h in GOCS solution (6 mg/ml) to fabricate GOCS-
modified surface, and the obtained sample was recorded as Mg-GOCS.
Finally, the Mg-GOCS was alternatively immersed into heparin solution
(2 mg/ml) and GOCS solution for 20 min each time. One circle of de-
position of GOCS and heparin is defined as one layer, and five layers, i.
e., Mg-GOCS/He/(GOCS/Hep),, were fabricated. The outermost layer is
heparin and the final sample was recorded as Mg-GOCS/Hep.

2.2. Surface characterization

The attenuated total reflection Fourier transform infrared spectrum
(ATR-FTIR, TENSOR 27, Bruker of Germany) was done to characterize
the chemical structures of the pristine and modified surfaces. The
measurement was carried out at room temperature, and the scanning
range was 4000 cm~'-650 cm~'. The graphene oxide coating was
analyzed by Raman spectroscopy (Renishaw, UK, RM 2000). Scanning
electron microscopy (SEM, FEI Quata 250, USA) was used to observe
the surface morphologies, and energy dispersive X-Ray Spectroscopy
(EDS, IMA X-MAX 20, Britain) was carried out to scan the surface to
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Table 1

The concentration of composition in SBF.
Reagent NaCl KCl NaHCO3 CaCl, Na,HPO, KH,PO, MgSO4 Glucose
Concentration (g/L) 8 0.4 0.35 0.14 0.06 0.06 0.01 1

determine the composition of the surface elements.
2.3. Electrochemical and corrosion behaviors

2.3.1. Potentiodynamic polarization curves and EIS

The potentiodynamic polarization curves of the modified and pris-
tine magnesium alloys in SBF were plotted on a Chi660D electro-
chemical workstation (CHI Instruments, Inc., Shanghai, China) using
the standard three electrode system (sample as the working electrode,
platinum wire as the auxiliary electrode, Ag/AgCl as the reference
electrode). The samples were immersed in the simulated body fluid
(SBF, the composition is shown in Table 1.) for 10min until the corro-
sion potential was stable before testing, the scan scope was from - 2V to
- 1V and the scanning speed was 1 mV/s. Tafel extrapolation method
was used to fit the corrosion potential and corrosion current density,
and the annual corrosion depth was determined based on equation (1):

d = 3.28 x 10™3 (M/np)leorr @

Where d is the annual corrosion depth (mm/y), M is the atomic weight
of Mg (24.3 g/mol), n is the atomic valence of Mg (n = 2), p is the
density of Mg (1.78 g/cm®), I.o is the corrosion current density
(uA.cm™2),

The Chi660D electrochemical workstation was also used to record
the electrochemical impedance spectroscopy (EIS). The scanning fre-
quency was from 10° Hz to 0.1 Hz. The disturbance signal was a si-
nusoidal alternating current potential with an amplitude of 10 mV. The
sample was soaked in SBF for 10 min for a stable open circuit potential
before testing.

2.3.2. Corrosion microtopography

The samples were firstly sealed with the silicone rubber, only ex-
posing the modified surface (1.77 cm?). The samples were immersed
into 20 ml SBF solution at 37 °C for 1 d, 3 d and 7 d, respectively, and
the SBF was changed every 2 days. After the immersion, the surface was
cleaned by the deionized water, dried in an oven, and then the corro-
sion morphologies were observed by SEM (FEI Quata 250, USA).

2.3.3. pH changes

The sample was sealed with the silicone rubber to expose the testing
area (1.77 cm?), and then soaked in 20 ml SBF solution and kept at
37 °C. The pH values of the solutions were measured by a pH meter at
the predetermined time. Three parallel samples were measured and the
average value was obtained. Finally, the pH value change curves were
plotted.

2.3.4. Mg*" release

The sealed magnesium alloys (the exposed area was 1.77 cm?) were
immersed into 20 ml 37 °C SBF solution. The solution was collected at
the predetermined time and compensated for the same amount of the
fresh solution. Then the concentration of Mg®* was measured by an
inductively coupled plasma emission spectrometer (Optima 7000 DV),
and the release profile of Mg?* was obtained according to the standard
curve.

2.4. Blood compatibility
2.4.1. Platelet adhesion

Firstly, the platelet-rich plasma (PRP) was obtained by centrifuging
the anticoagulant human whole blood from a healthy volunteer for
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15 min at 1500 r/min. 100 pl PRP was covered onto the sample surface,
cultured in a 37 °C incubator for 2 h, washed twice with normal saline,
and then fixed 1.5 h with 2.5% glutaraldehyde solution. Finally, the
adhered platelets were successively dehydrated with 50%, 70%, 90%,
and 100% anhydrous ethanol. After drying, the number and morphol-
ogies of the platelets attached on the sample surface were observed by
SEM. 10 platelet images with small magnification were randomly se-
lected from each sample for counting the number of platelets, and the
data was expressed as platelets per unit area.

2.4.2. ¢cGMP assay

Firstly, 100 pl platelet rich plasma was dropped on the sample
surface to incubate 1 h at 37 °C. The cGMP (guanosine cyclophosphate)
concentration was determined by cGMP ELISA kit. In brief, a series of
standard solutions with the concentrations of 12 nm/L, 6 nm/L, 3 nm/
L, 1.5 nm/L and 0.75 nm/L were prepared. The standard solutions and
40 pl sample diluent were added into the standard hole and the sample
hole, respectively. Subsequently, 10 pl PRP plasma was added for each
hole and the plate was incubated at 37 °C for 30min. The liquid was
suck out and the plate was washed 5 times, 50 pl enzyme standard
reagent was added to incubate another 30 min. The chromogenic agent
A and B were added in turn and kept in the dark environment at 37 °C
for 10min. Finally, the termination solution was added and the absor-
bance was measured at 450 nm ¢cGMP value was determined by the
standard curve.

2.4.3. Hemolysis rate

The fresh anticoagulant whole blood was collected from a healthy
volunteer and then centrifuged at 1500 r/min for 15min. The red blood
cells were prepared into 2% red blood cell dispersion with normal
saline. The sample was immersed into 2 ml red blood cell solution and
cultured 3 h at 37 °C. Subsequently, 1 ml red blood cell solution was
centrifuged and the absorbance of supernatant was measured at 450 nm
using a Microplate Reader (Bio-Tek, Eons). A 2% red blood cell solution
with the distilled water was used as the positive control, and the 2% red
blood cell solution with normal saline was used as the negative control.
The hemolysis rate was calculated by equation (2):

Hemolysis(%) = (ODs-ODn)/(ODp-ODn) x 100% (2)

Where OD; is the absorbance value of the sample, OD,, is the negative
control value, and ODj, is the positive control value.

2.5. Endothelial cell behaviors

2.5.1. Endothelial cell adhesion

The samples were placed in a 24-well culture plate and then irra-
diated by the ultraviolet light for one night. The samples were washed
twice by the aseptic physiological saline. Each sample surface was
added with 1.5 ml culture medium (DMEM F12 containing 5% FBS and
1% Penicillin Streptomycin) and 0.5 ml endothelial cells (5 x 10* cells/
ml). The samples were incubated at 37 °C with 5% CO, for 1 d and 3 d,
respectively. After removing the culture medium, the sample was wa-
shed twice with the physiological saline, and the cells were fixed by
2.5% glutaraldehyde at 4 °C for 1.5 h. The attached cells were stained
with 10 pg/ml rhodamine (in PBS) and 500 ng/ml DAPI (in ultrapure
water), respectively. The fluorescent images were taken by a fluor-
escent microscopy (Zeiss, inverted A2).
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2.5.2. Endothelial cells proliferation

CCK-8 assay was used to determine the proliferation behaviors of
the endothelial cells. The sample was placed into the culture plate, and
then 1.5 ml cell culture medium and 0.5 ml endothelial cells were
added into each well (5 x 10* cells/ml) to incubate 1 d and 3 d at 37 °C
with 5% CO,, respectively. 0.5 ml 10% CCK-8 solution (in DMEM F12)
was added into the plate well to culture 3.5 h. Subsequently, 200 pl
CKK-8 solution was added and the absorbance at 450 nm was mea-
sured. Three parallel samples were measured and the average value was
calculated.

2.5.3. VEGF expression

The cells were inoculated on the sample surface (5 x 10* cells/ml)
to incubate for 1 d and 3 d at 37 °C, respectively. The concentration of
VEGF in the cell culture medium was measured by a VEGF ELISA kit. In
brief, the standard solutions with the concentrations of 320 ng/L,
160 ng/L, 80 ng/L, 40 ng/L and 20 ng/L were prepared and added to
the standard hole. 40 ul sample diluent and 10 pl cell culture solution
were added to the sample hole to incubate 30 min. After washed 5
times, 50 pl enzyme standard reagent was added and then incubated
and washed again. 50 pl chromogenic reagent A and 50 pl chromogenic
reagent B were added and placed at 37 °C for 10min. Finally, 50 pl
termination solution was added to the hole, the absorbance (OD value)
was measured at 450 nm, and the VEGF concentration in the sample
hole was calculated according to the standard curve.

2.5.4. NO release

The endothelial cells were cultured on the sample surface for 1 d
and 3 d, respectively. The NO concentration in the culture medium was
determined by the nitrate reductase method. The standard solutions
with the concentrations of 0 uM/L, 1 uM/L, 2 uM/L, 5 pM/L, 10 uM/L,
20 uM/L, 40 uM/L, 60 uM/L and 100 uM/L were prepared with DMEM
F12 cell culture medium containing 10% FBS. The supernatant of 50 pl
cell culture medium was added to the sample hole, then 50 pl Griess
Reagent I and 50 pl Griess Reagent II were added in turn. Finally, the
absorbance at 540 nm was measured. The NO concentration was cal-
culated according to the standard curve.

3. Results and discussion
3.1. Surface characterization

The chemical properties of the magnesium alloys are very active and
the in vivo corrosion rate is over-fast. The construction of the different
functional coatings on the surface to isolate the magnesium alloy sub-
strate from the corrosion medium represents an important and effective
approach to enhance the corrosion resistance. In this study, the GOCS/
Hep multilayer coating was constructed by LBL to regulate the corro-
sion electrochemical behaviors and enhance the biocompatibility. ATR-
FTIR was firstly used to characterize the functional groups of the pris-
tine and modified magnesium alloys, and the results are shown in
Fig. 1(a). Clearly, almost no infrared absorption can be detected on the
blank magnesium surface. The strong absorption peak at 3700 cm ™! on
Mg-OH indicated that alkali heat treatment can produce a large amount
of ~OH on the surface. These hydroxyls can not only provide reaction
sites for the self-assembly of 16-phosphonyl- hexadecanoic acid, but
also significantly improve the hydrophilicity. At the same time, the
appearance of the hydroxyl groups suggested that an oxide layer was
produced on the surface after NaOH treatment. The oxide layer was
dense and it can prevent the corrosive medium penetrating the mag-
nesium matrix, and thus improve the corrosion resistance and bio-
compatibility to some degree. 16-phosphonyl hexadecanoic acid is a
popular molecule for the self-assembly surface modification, in which
the phosphonyl group can be immobilized on the surface by the de-
hydration reaction with —~OH. On the other side, it can simultaneously
produce a partial phosphating effect on the surface, which may be
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helpful to enhance the corrosion resistance. The terminal groups
(-COOH) can further react with other groups such as ~OH and NH, to
introduce other bioactive substances to enhance the biocompatibility.
After the immobilization of 16-phosphonyl hexadecanoic acid, the ab-
sorption peaks at 2850 cm ™' and 2920 cm ™! can be found, which can
be attributed to the adsorption of -CH3; and —CH,, respectively. The
peak at 1710 cm ™! belonged to the adsorption of C=0 in the carboxyl
group. These results demonstrated that 16-phosphonyl-hexadecanoic
acid was successfully immobilized on Mg-OH surface, and a carboxyl
modified surface was also obtained successfully. The carboxyl on the
surface can be linked with -NH, of chitosan. Therefore, after further
immobilization of GOCS on the surface, the infrared absorption peak of
the carbonyl group in the amide appeared at 1680 cm ™. The absorp-
tion peaks of N-H and C-N can be observed at 1600 cm™' and
1425 cm ™, respectively, indicating that GOCS was successfully grafted
on the surface. Heparin contains many sulfonic acid groups and car-
boxyl groups. These groups make heparin exhibiting negatively charged
characteristics and thus heparin can electrostatically adsorb with the
positively charged GOCS. After electrostatic adsorption of heparin on
the surface, the infrared absorption of the sulfonic acid group at
1038 cm ™! and C=0 around 1710 cm ™! can be detected, suggesting
that heparin was successfully introduced on the surface.

The GO structure on the surface was further characterized by Raman
spectroscopy. Because there was no Raman adsorption of Mg, Mg-OH
and Mg-16, the blank Mg was used as a reference, and Fig. 1(b) shows
the Raman spectra of Mg and Mg-GOCS/Hep. The Raman spectrum of
Mg surface was almost a straight line without Raman absorption, while
the surface of Mg-GOCS/Hep had G peak around 1590 cm™! and D
peak at 1350 cm ™!, which are the characteristic peaks of graphene
oxide [24]. The G peak was caused by the in-plane vibration of sp>
carbon atoms and represented an ordered hybrid sp® carbon atom. The
presence of D peak indicated that there had been disordered hybrid sp®
carbon atoms in graphene oxide. The higher the D peak was, the more
sp> carbon atoms were present. The D peak was a disordered vibrational
peak, which indicated that the C=C in graphene oxide was destroyed
and part of the ordered sp® hybrid carbon atoms were transformed into
sp> hybrid structure. Generally, the ratio of I/Ip represents the ratio of
sp> and sp® carbon atoms and its value can be used to determine the
degree of the structural defect. It can be obtained from Fig. 1(b) that the
value of Ig/Ip was about 19/18, indicating that there was half of the
disordered hybrid carbon atoms in graphene oxide on the Mg-GOCS/
Hep surface.

With the aim of investigating the surface morphologies and surface
element changes of the magnesium alloy surface, the samples were
further analyzed by scanning electron microscopy (SEM) and energy
dispersive X-Ray spectroscopy (EDS). The results are shown in Fig. 2
and Table 2. It can be clearly seen that the blank magnesium alloy
surface was relatively smooth, and only a few scratches can be ob-
served, the surface elements were almost Mg. However, 7.9% of O was
introduced after polishing due to the surface oxidation. After alkali heat
treatment, a Mg(OH), layer was produced on the surface, leading to the
obvious increase of oxygen element and the decrease of Mg and Al, but
the micro morphology did not change obviously. The Mg content on
Mg-16 surface decreased significantly, and C and P appeared con-
currently for the first time, suggesting that 16-phosphonyl-hex-
adecanoic acid was successfully immobilized on the surface. After the
immobilization of GOCS, the obvious granular structure of chitosan
[25] can be observed and a dense protective layer, as shown in Fig. 2d,
was also created. In addition, the C content increased sharply from
19.41% of Mg-16 to 35.37% of Mg-GOCS, and 7.43% of N was also
detected, further indicating that GOCS was successfully grafted on the
Mg-16 surface. For Mg-GOCS/Hep, the appearance of S and Na ele-
ments demonstrated that heparin had been loaded on the surface. The
surface of Mg-GOCS/Hep was relatively smooth, and the Mg element
dropped sharply from 24.23% of Mg-GOCS to 6.51%, indicating that
the multilayer coating can cover the magnesium alloy. It can be seen
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Fig. 1. ATR-FTIR (a) and Raman (b) diagram of the different samples.
from Fig. 2(f) that after five circles of deposition of GOCS and Hep, the Table 2
thickness of the coating was about 7.24 pum. Elemental compositions of the different samples.
Samples Atomic concentration (at. %)
3.2. Electrochemical corrosion behaviors
Mg o Al C P N S Na
R solution resistance; Q;: double layer capacitive constant phase Mg 89.5 7.9 26 - _ _ _ _
element; R;: charge transfer resistance; Q,: coating constant phase Mg-OH 72.94 266 1.0 - - - - -
element; Ry: coating resistance; R,: polarization resistance; njand ny: Mg-16 5371 2653 - 1941 035 - - -
correlation coefficient Mg-GOCS 24.23 3297 - 3537 - 7.43 - -
’ Mg-GOCS/Hep  6.51 3423 - 4599 - 12.33 049 0.45

Potentiodynamic polarization curve is an effective and popular
method to evaluate the corrosion resistance of biomaterials. Normally,
the larger natural corrosion potential represents the smaller the corro-
sion tendency, and the small corrosion current density means the
slower corrosion rate [26]. Fig. 3a shows the potentiodynamic polar-
ization curves of the different samples, the corresponding corrosion
potential and corrosion current density as well as annual corrosion
depth are shown in Table 3. It can be clearly seen that the corrosion
potential of Mg was the smallest while the corrosion current density
was the largest among all samples because it was easier to be corroded
in SBF. The annual corrosion depth reached 2 mm/y for Mg, suggesting
that the corrosion resistance of the magnesium alloy was limited and
need to be improved. The over-fast corrosion made the magnesium
alloy existing in the body for too short time so that it cannot play an
effective supporting effect in the expected time when it was used as the
cardiovascular stent materials. For Mg-OH, the corrosion potential in-
creased by 0.242V, and the corrosion current density decreased to
2.067 x 107° A cm~? indicating that the corrosion resistance was
significantly enhanced as compared to Mg. The annual corrosion depth
(0.47 mm/y) of Mg—OH was significantly lower than that of Mg. It can
be considered that the compact and dense Mg(OH), protective layer

produced by NaOH treatment can improve the corrosion resistance of
the magnesium alloy. In addition, the oxide layer was also conducive to
the subsequent self-assembly surface modification due to the existence
of hydroxyls [27]. The immobilization of 16-phosphonyl-hexadecanoic
acid not only increased the corrosion potential, but also reduced the
corrosion current density and annual corrosion depth. It was considered
that 16-phosphonyl-hexadecanoic acid molecule was firmly im-
mobilized on Mg-OH surface at 120 °C, which further hindered the
corrosion of Cl~ and other anions. When GOCS was covalently im-
mobilized on the magnesium alloy surface, the corrosion potential was
higher and the corrosion current density was further reduced. The an-
nual corrosion depth was 0.2 mm/y which was only one tenth of Mg. It
was convinced that graphene oxide was an inert material with a huge
specific surface area and the good anti permeability to the molecules
and ions in the corrosion medium [28]. GOCS can form a dense layer on
the surface to inhibit the corrosion of the magnesium alloy by inorganic
anions. The corrosion potential of Mg-GOCS/Hep was —1.385 V, the
corrosion current density was only 1.359 x 107% A cm™2, and the

Fig. 2. Typical SEM images of Mg (a), Mg-OH (b), Mg-16 (c), Mg-GOCS (d), and Mg-GOCS/Hep (e). Image f shows the cross-section of GOCS/Hep coating.
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Table 3
Corrosion potential, corrosion current density and the corrosion depth per year
of the different samples.

Samples Ecorr/V Teore/Acm ™2 d/(mm/y)
Mg —-1.755 8.841 x 107° 2.00
Mg-OH -1.513 2.067 x 107° 0.47
Mg-16 —1.467 9.785 x 107 0.22
Mg-GOCS —1.424 8.621 x 10°° 0.20
Mg-GOCS/Hep -1.385 1.359 x 10°° 0.03

annual corrosion depth was also reduced to 0.03 mm/y. After 5 cycles
deposition of GOCS and heparin, a thick bioactive coating was formed
on the magnesium alloy surface, which can effectively prevent ag-
gressive ions penetrating the matrix surface, leading to excellent cor-
rosion resistance. At the same time, the electrostatic repulsion between
the negative charged heparin and the corrosive anions was one of the
important factors to improve the corrosion resistance.

Electrochemical impedance spectroscopy (EIS) is another important
method to explore the electrochemical behavior of biomaterials. The
most widely used analytical method is to build an equivalent circuit
model to fit and interpret EIS data [29]. As shown in Fig. 3b, it was
obvious that only one high frequency capacitor ring can be obtained on
Mg, Mg-OH and Mg-16 samples, which can be attributed to the im-
pedance response between the surface corrosion products and the
charge transfer resistance. At the same time, the capacitance rings of
the modified magnesium alloys were larger than that of Mg, indicating
that the corrosion resistance was improved [30]. On the EIS spectra of
Mg-GOCS and Mg-GOCS/Hep, the larger high frequency capacitor ring
can be attributed to the impedance of the interface reaction between
the coating and the corrosion products on the surface, and it suggested
that the corrosion resistance of magnesium alloy had been further en-
hanced. The new low frequency capacitor ring was believed to be
formed by the corrosion on the magnesium alloy surface [31].

In order to describe the response of EIS spectra quantitatively, the
corresponding equivalent circuit diagrams were constructed. Fig. 4b; is
the R (QR) equivalent circuit diagram, which was used to characterize
the impedance spectra of Mg, Mg—OH and Mg-16. Fig. 4b, is the R (Q (R
(QR))) equivalent circuit diagram and it was used to analyze the im-
pedance spectra of Mg-GOCS and Mg-GOCS/Hep. The results of EIS
were fitted with the equivalent circuit diagram, and the fitting para-
meters are shown in Table 4. The charge transfer resistance (R;) and
coating resistance (R,) were fitted by Zview software, and the polar-
ization resistance (Rp) is equal to the sum of R; and R,. All samples
were tested in SBF; therefore, the Rg value was hardly changed. Q; and
Q- represent the capacitance of the constant phase element. If n; and n,
are close to 1, it means that the constant phase element is close to the

pure capacitance. It was noteworthy that the capacitance of Mg-GOCS/
Hep was much smaller than that of Mg-GOCS, indicating that the
GOCS/Hep multilayer was more uniform and denser, which was con-
tributed to reduce the exposure degree of the magnesium alloy surface
in the corrosion medium and thus the multilayer bioactive coating can
effectively improve the corrosion resistance. The polarization resistance
(Rp) is an important parameter to evaluate the overall corrosion re-
sistance of the magnesium alloy. It can be seen from Table 4 that the
polarization resistance of untreated magnesium alloy was only
1482 Q cm?, whereas the R;, values of the modified magnesium alloys
were significantly increased. The polarization impedance of Mg-GOCS/
Hep was 4525 Q cm?, demonstrating that the multilayer coating can
effectively improve the corrosion resistance of the magnesium alloys.

In order to intuitively observe the surface corrosion, the different
modified magnesium alloys were soaked in SBF for 1d, 3d and 7d, re-
spectively. The changes of the surface corrosion morphologies were
observed by scanning electron microscopy, and the results are shown in
Fig. 4. Obvious corrosion cracks can be observed on the unmodified
magnesium alloy surface after one day, and the corrosion products
accumulated after three days immersion, indicating that the corrosion
rate of Mg was fast from 1d to 3d. The difference between the corrosion
morphologies of 7 d and 3 d was not significant, it was considered that
the accumulation of the corrosion products could isolate the magne-
sium surface from the corrosive medium and make the degradation rate
of the magnesium alloy tend to be moderate to some degree. The cor-
rosion cracks can be observed on Mg—-OH and Mg-16 after 3 d, and the
corrosion became more serious after 7 d. When the large cracks ap-
peared on the protective layer, the corrosive ions began to corrode the
matrix, raise excessive dissolution of the magnesium alloy and generate
many bubbles as well as cause the rapid rise of pH value of the corrosive
medium, finally leading to serious corrosion. The corrosion resistance
of Mg-GOCS and Mg-GOCS/Hep was better than other samples, there
was no sign of corrosion in 1d, and only small microcracks appeared in
3d. Mg-GOCS was a single-layer coating and it cannot provide long-
term protection for the magnesium alloy surface. After 7 d immersion,
the cracks began to expand and a small amount of corrosion products
appeared on Mg-GOCS, while no large crack on the Mg-GOCS/Hep
surface can be observed. As compared with that of 3 d, the number of
cracks increased slightly, indicating that the increase of coating thick-
ness could effectively improve the corrosion resistance. Therefore, the
corrosion electrochemical behaviors of the magnesium alloys can be
effectively controlled by changing the number and thickness of the
deposited layers. In addition, it can be clearly seen that the multilayer
coating can keep relative intact and compact in SBF under shaking
conditions after 7 days immersion, indicating that the bonding force
between coating and substrate was better.
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Fig. 4. Typical SEM images of the different samples immersed in SBF for 1d, 3d, and 7d. (a) Mg; (b) Mg-OH; (c) Mg-16; (d) Mg-GOCS; (e) Mg-GOCS/Hep.

In the light of the magnesium alloy corrosion mechanism, magne-
sium ion and hydroxide ion can be produced during the corrosion
process. Therefore, the corrosion rate of the magnesium alloys can be
further evaluated by the pH change of the immersion solution and the
release rate of Mg?* [32]. It can be seen from Fig. 5a that the pH value
of all solutions increased with the increase of the immersion time. The
pH value of the solution soaking the unmodified magnesium alloy was
always the largest as compared to other samples, indicating that its
corrosion rate was the fastest. As compared with the blank magnesium
alloy, the pH values of Mg—-OH and Mg-16 decreased to a certain extent
due to the improved corrosion resistance by alkali heat treatment and
self-assembly of 16-phosphonyl-hexadecanoic acid. The pH value of
Mg-GOCS was relatively lower because GOCS can form a compact and
dense modified layer on the magnesium alloy surface to slow down the

corrosion rate. It was worth noting that the pH value of Mg-GOCS/Hep
solution was the lowest, even after 7 d immersion, the pH value was
only 8.55, indicating that the corrosion resistance was the best. As
shown in Fig. 4e, there were no obvious cracks on Mg-GOCS/Hep
surface after 7 d, and it still had a relatively complete covering effect on
the magnesium alloy, therefore it was more beneficial to the long-term
protection for the magnesium alloy surface.

In order to further evaluate the degradation behaviors, the con-
centration of Mg?™" released from the magnesium alloy was measured,
and the results are shown in Fig. 5b. For the blank magnesium alloy, the
Mg?* release increased with the immersion time, and the value reached
32.94 png/ml at 7d, indicating that the corrosion resistance of the un-
modified magnesium alloy was poor, and it could degrade rapidly in
human body. The results of the electrochemical tests showed that the

Table 4
The EIS fitting parameters of the different samples.
Samples Rs/(Qcm?) Q,/(uF-em™?) n Ry/(Q-cm?) Qo/(uF-ecm™?) ny R./(Qcm?) R,/(Q-cm?)
Mg 37.90 3.616 x 107° 0.8186 1482 - - - 1482
Mg-OH 37.71 3.125 x 107° 0.741 1882 - - - 1882
Mg-16 37.34 5.587 x 1077 0.8179 2374 - - - 2374
Mg-GOCS 37.15 5.008 x 1077 0.9167 3123 7.436 x 107° 0.8971 51 3174
Mg-GOCS/Hep 37.57 1.097 x 1077 0.8356 4257 2.357 x 107° 0.8438 268 4525
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Fig. 5. (a) pH values of the immersing solutions with the different samples at the predetermined time intervals; (b) Release concentration of Mg2+ in the different

immersing solutions.

corrosion resistance of Mg-OH and Mg-16 was improved, and the
corrosion rate was slowed down after the modification, therefore the
released ion concentration was decreased to some extent, but the total
amount was still high, and the values were 27.91 ug/ml (Mg-OH) and
25.27 ug/ml (Mg-16) at 7 d, respectively. GOCS coating can effectively
enhance the corrosion resistance of the magnesium alloy, however, the
performance of the single-layer film was limited. With the extension of
the immersion time, the GOCS coating could form large cracks, some of
which lose the protective effect, therefore, in the early immersion stage,
the release of Mg?* in Mg-GOCS was less, and it started to increase
rapidly at 3 d. The release of Mg?* of Mg-GOCS/Hep solution was the
lowest in the whole process of immersion. The Mg>" content in the
solution was 11.28 pg/ml at 7 d which was only about one third of the
unmodified magnesium alloy, indicating that the increase of coating
thickness can significantly improve the corrosion resistance.

3.3. Blood compatibility

Human blood is mainly composed of red blood cells, platelets,
proteins and organic compounds. After stent implantation, it will in-
evitably interact with various components of blood for a long time.
Materials with poor blood compatibility can cause severe hemolysis and
platelet aggregation, leading to thrombus and damage to the physio-
logical environment in blood vessels [23,33]. It was also reported that
blood can trigger the corrosion of the magnesium alloy and accelerate
its degradation, so that the magnesium alloy may lose its mechanical
properties early in the blood vessel [34,35]. Therefore, the hemolysis
rate, platelet adhesion and activation were investigated to evaluate the
blood compatibility of the magnesium alloys before and after the sur-
face modification.

Fig. 6 is the typical SEM images and the number of platelets adhered
on the different surfaces. There were many platelets adhered on the
unmodified magnesium alloy surface. The platelet adhesion depends on
the binding of fibrinogen to the material surface, and fibrinogen is more
likely to be adsorbed on the surface with poor wettability, resulting in
serious platelet aggregation [36,37]. The surface hydrophobicity of the
blank Mg surface was relatively high, so it can recruit more platelets on
its surface and a risk of thrombus may be formed as a stent material.
Alkali heat treatment can introduce a lot of hydroxyl groups on the
magnesium alloy surface to improve the wettability, therefore it can
effectively inhibit the fibrinogen adsorption and ultimately effectively
prevent the platelet adhesion. After the immobilization of 16-phos-
phonyl-hexadecanoic acid, the corrosion resistance was improved ob-
viously, and it also showed a good anti platelet adhesion. However, the
number of platelets on Mg-16 surface was still about 7000 platelets/
mm?, indicating that its anticoagulant performance needed to be fur-
ther improved. Chitosan can promote the adhesion and aggregation of
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platelets. Some studies have shown that mixing chitosan with graphene
oxide had good blood compatibility [38], therefore, the number of
platelets adhered on Mg-GOCS surface decreased. There was almost no
platelet adhesion on the Mg-GOCS/Hep surface. On the one hand, he-
parin has excellent anticoagulant effect, and its anticoagulant activity is
mainly caused by sulfate, sulfanilamide and carboxylic acid groups. On
the other hand, the heparin coating on the magnesium alloy surface
endowed the surface with excellent surface wettability, which can ef-
fectively prevent the adsorption of fibrinogen, thus significantly reduce
the platelet adhesion.

Studies have shown that NO-cGMP signaling mediates and regulates
many important physiological processes, including the prevention of
platelet activation and aggregation. The expression of cGMP reflects the
degree of platelet activation. Generally, more cGMP expression means
the lower degree of platelet activation [39,40]. Fig. 7a is the cGMP
expression concentration of the different sample. It was obvious that
the surface modification of the magnesium alloys had obvious influence
on cGMP expression. The cGMP expression concentration of the plate-
lets on the control surface (Mg) was the lowest (only 27 nm/L), in-
dicating that the untreated magnesium alloy had a great influence on
stimulating platelet activation. As a result, compared with the modified
samples, the unmodified magnesium alloy can significantly promote the
platelet activation. After alkali heat treatment and the subsequent self-
assembly, the cGMP expression concentration of platelets gradually
increased, suggesting that the modified surface can effectively inhibit
the platelet activation. The cGMP on the Mg-GOCS surface increased
further, which was closely related to the anti-platelet adhesion of
GOCS. It should be noted that the cGMP expression on the Mg-GOCS/
Hep surface increased significantly, indicating that Mg-GOCS/Hep had
a significant inhibitory effect on the platelet activation because the
released heparin from the surface can increase the affinity of antith-
rombin III and thrombin to improve the blood compatibility, reduce
protein adhesion and inhibit platelet activation [41-43].

Hemolysis rate is an important method to characterize the perfor-
mance of the red blood cells. The hemolysis rate of biomaterials in
contact with blood should be less than 5%. Materials with poor he-
molysis rate can cause serious rupture of red blood cells, which may
lead to thrombosis and the implantation failure. As shown in Fig. 7b,
the hemolysis rate of the unmodified magnesium alloy was 30% and
cannot meet the requirements of clinical application. As shown above,
the poor corrosion resistance of the unmodified magnesium alloy can
produce a large amount of hydrogen peroxide and Mg?*, which can
increase the pH value of the blood rapidly and promote the combina-
tion of red blood cells and Ca®* in the solution, finally resulting in the
rupture of red blood cells and serious hemolytic reaction [44]. The
hemolysis rate of Mg—OH and Mg-16 was about 15%, it was half lower
than that of Mg. It can be seen from the results of pH changes and Mg?*



. Gao, et al.

Bioactive Materials 5 (2020) 611-623

Platelet number(mm?)

NANER R
I

Mg

Fig. 6. The platelet adhesion quantities and typical SEM images on the different samples surfaces: (a) Mg; (b) Mg—OH; (c) Mg-16; (d) Mg-GOCS; (e) Mg-GOCS/Hep;

(f) the number of platelets adhered on the different samples.

release experiments that alkali heat treatment and the surface im-
mobilization of 16-phosphonyl-hexadecanoic acid can effectively re-
duce the pH changes and Mg>" release, thus the damage to red blood
cells was less when contacting with blood. The amino group with the
positive charges on chitosan can combine with the glycoprotein with
the negative charges on the surface of red blood cell membrane, causing
the bending and rupture of red blood cell membrane and finally leading
to the unsatisfactory blood compatibility [45]. Adding a small amount

of graphene oxide to chitosan can improve the blood compatibility,
because graphene oxide has a large specific surface area and the
oxygen-containing negatively charged groups on the surface can reduce
the impact of chitosan on red blood cells [46,47]. Consequently, the
hemolysis rate of Mg-GOCS was significantly reduced, but still more
than 5%. After layer by layer deposition of GOCS and heparin, a large
amount of heparin was loaded on the surface and the hemolysis rate
was reduced to 3%. On one hand, the better corrosion resistance can
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Fig. 9. The endothelial cell proliferation on different samples characterized by
CCK-8 assay, the cells were cultured for 1 d and 3 d, respectively.

reduce the influence of pH values on red blood cells. On the other hand,
the negatively charged carboxyl group on heparin can preferentially
combine with Ca®*, greatly reduce the impact of Ca®>* on red blood
cells. In addition, heparin can be released continuously from the LBL
multilayer coating, which can keep the low hemolysis rate of the
magnesium alloys.

3.4. Endothelial cell behaviors

The regeneration of the healthy endothelial cell layer is very im-
portant for the success of the cardiovascular stent implantation. The
purpose of stent surface modification is to build a friendly physiological
microenvironment to promote endothelial cell growth and intima re-
generation. Appropriate degradation rate and good biocompatibility
are important prerequisites for promoting endothelial cell adhesion,
proliferation and functional expression [48]. Fig. 8 shows the fluor-
escent images of the endothelial cells cultured on the different surfaces
for 1d and 3d, respectively. Clearly, most of the cells on the blank
magnesium alloy surface were shrunk and had no spreading morphol-
ogies, indicating that most of the cells may be died. It also suggested
that the blank magnesium alloy cannot provide a suitable growth
platform for the endothelial cells. It was concluded that the poor cor-
rosion resistance of the pristine magnesium alloy could made it difficult
for cell adhesion and growth in the human environment, and the
bubbles and high pH value in the surrounding environment caused by
the fast corrosion were not beneficial to the attachment and growth of
endothelial cells. At the same time, magnesium alloy surface had no
bioactivities and cell receptors, and therefore it counted against the cell
recruitment. There were more endothelial cells on Mg—-OH and Mg-16
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surfaces, and the number of cells cultured for 3 d was significantly more
than that of cultured for 1 d, indicating that the endothelial cells can
grow on the modified magnesium alloy surface. It was considered that
the improved corrosion resistance after the preliminary treatment can
reduce the impact of corrosion on the cytotoxicity of the magnesium
alloys. Some studies have shown that graphene oxide can promote the
ECM protein adsorption through noncovalent interaction, electrostatic
forces or hydrogen bonds, thus leading to better cell adhesion and
growth [49,50]. In addition, chitosan has good biocompatibility and it
can significantly promote the migration and proliferation of the vas-
cular endothelial cells [51]. Therefore, the number of the endothelial
cells on Mg-GOCS increased significantly with better spreading
morphologies. The cell adhesion and proliferation on the Mg-GOCS/
Hep surface was the best, and the surface was almost covered by cells at
3 d. On one hand, the improved corrosion resistance of the GOCS/Hep
multilayer can effectively reduce the influences of corrosion on en-
dothelial cells. On the other side, the good surface wettability of the
bioactive GOCS/Hep multilayer was beneficial to the ECM adsorption,
which was contributed to the endothelial cells adhesion and spreading.

CCK-8 reagent is widely used to detect cell proliferation. It contains
WST-8 that can be reduced by dehydrogenase in the cell to a highly
water-soluble yellow methylazan product, which is proportional to the
number of living cells, consequently the cell proliferation can be ana-
lyzed by CCK-8 assay [52]. Fig. 9 shows the CCK-8 values of the dif-
ferent samples. There was almost no difference for the CCK- 8 values of
the Mg surface between 1 d and 3 d, suggesting that with the increase of
culture time, the endothelial cells did not differentiate and proliferate
on the pristine Mg surface. The results of cell adhesion suggested that
most of the endothelial cells on the blank Mg surface exhibited apop-
tosis, which may have no proliferation ability and thus had the lowest
CCK-8 values. The CCK-8 values on NaOH-treated and Mg-16 surfaces
had no obvious difference, but their values were significantly higher
than that of Mg, and the CCK- 8 value of 3d was higher than that of 1d,
which can be attributed to the decrease of pH value resulting from the
improved corrosion resistance after the surface modification. The CCK-
8 value of the cells on the Mg-GOCS surface further increased, in-
dicating that there were many living cells on the surface. Because GOCS
can not only significantly improve the corrosion resistance of the
magnesium alloy, but also enhance the surface bioactivities, and con-
sequently the immobilization of GOCS can promote the proliferation of
the endothelial cells. In particular, the CCK-8 value for the Mg-GOCS/
Hep surface increased significantly as compared to other samples, and
the value (2.58) in 3d was above twice than that of the unmodified
magnesium alloy, suggesting that the endothelial cells can proliferate
well because the introduction of GOCS and heparin on the surface can
not only reduce the effect of cytotoxicity caused by the corrosion but
also improve the growth of the endothelial cells. As a result, the GOCS/
Hep multilayer coating can provide a good environment for the en-
dothelial cell adhesion and proliferation.

VEGF is a highly specific vascular endothelial growth factor and it
can induce the expression of plasma plasminogen activator and
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plasminogen activator inhibitor-1, as well as matrix collagenase and
other factors in endothelial cells. It also can stimulate the release of V3
factor from the endothelial cells, thereby changing the extracellular
matrix and promoting the growth of the vascular endothelial cells [53].
Normal endothelial cells can express a certain amount of VEGF, and its
expression can further promote the growth of the endothelial cells,
therefore it is important to explore the VEGF expression to investigate
the effect of the implanted vascular stent on the functions of endothelial
cells. Fig. 10a shows the results of the VEGF concentration for the
different samples. Even though the cells adhered on Mg surface was
less, it also maintained a certain amount of VEGF concentration
(258 ng/L), however, the value was the lowest among all samples.
NaOH treatment and the immobilization of 16-phosphonyl-hex-
adecanoic acid on the surface increased the expression concentration of
VEGF to some degree, which can be due to the improvement of the
corrosion resistance. A higher VEGF concentration can maintain en-
dothelial function and promote endothelial cell differentiation [54].
The concentration of VEGF for Mg-GOCS and Mg-GOCS/Hep increased
significantly (Mg-GOCS, 387 ng/L; Mg-GOCS/Hep, 430 ng/L), in-
dicating that the good biological activities of GOCS and heparin could
effectively maintain the expression of VEGF in endothelial cells. It was
worth noting that on the multilayer surface, the VEGF expression
concentration of the endothelial cells was the highest. On one hand, the
improved corrosion resistance by layer-by-layer deposition of the
bioactive substances can contribute to keep normal functional expres-
sion of endothelial cells. On the other hand, in addition to good blood
compatibility, heparin also has an obvious effect on promoting VEGF
expression of endothelial cells, which is conducive to promoting en-
dothelial cell proliferation and inducing angiogenesis [55].

NO is a signal molecule produced when endothelial cells synthesize
and secrete, which plays an important role in several physiological
processes, including anti-atherosclerosis, stimulation of endothelial cell
growth and vasodilation, and inhibition of the platelet adhesion
[56,57]. In various animal models, NO release on the modified surface
can effectively improve the effect of antithrombotic and anti-restenosis
[58,59]. In the present study, the nitrate reductase method was used to
study the NO expression of the endothelial cells on the surfaces, and the
results are shown in Fig. 10b. Clearly, a significant difference in the
concentration of NO expression for the different magnesium alloy sur-
faces can be found. In general, the healthy vascular endothelium in
human body has NO expression. The damage of the natural en-
dothelium could lead to the loss of the endothelial function and thus
reduce the amount of NO synthesis. The rapid corrosion rate of Mg
caused serious damage to endothelial cells and limited the functional
expression of endothelial cells, therefore the concentration of NO re-
leased by the endothelial cells was low. The better corrosion resistance
can reduce the effect of excessive corrosion on cells, and the self-as-
sembly modification can significantly improve the corrosion resistance,
therefore it can promote the release of NO from endothelial cells to a

certain extent. However, the bioactivities of Mg-OH and Mg-16 were
limited and thus they showed a limited ability to promote cell growth
and NO expression. In contrast, the surfaces of Mg-GOCS and Mg-
GOCS/Hep can significantly promote the NO expression, which was of
great significance to improve the biocompatibility of the magnesium
alloys. This was because NO is an important indicator of maintaining
the normal physiological function of the endothelial cells. NO can co-
operate with heparin, which can not only stimulate the growth of the
endothelial cells, but also increase the concentration of cGMP in pla-
telets, reduce the level of intracellular Ca®*, and thus prevent the ad-
hesion and activation of platelets and fibrinogen [48,60]. This was not
only related to the excellent corrosion resistance and biological activity
of GOCS/Hep multilayer coating, but also due to its ability to promote
NO release.

Taking all above results into consideration, it can be concluded that
the GOCS/Hep bioactive multilayer coating can not only significantly
improve the corrosion resistance of the magnesium alloy, but also ob-
viously enhance the blood compatibility and promote the growth of the
endothelial cells. The mechanism of the coating on the corrosion re-
sistance and biocompatibility can be explained as shown in Fig. 11.
Before the surface modification, the magnesium alloy has poor corro-
sion resistance and limited biological activities. C1~ is easy to erode the
matrix surface, resulting in the surface corrosion defects and serious
corrosion. The released hydrogen and magnesium ions can form serious
hemolytic reaction and cause platelet adhesion and activation. At the
same time, the hydrogen bubbles and surface defects caused by the fast
corrosion also strongly inhibit the adhesion and growth of the en-
dothelial cells. After layer by layer deposition of GOCS and heparin, the
thicker coating and the outermost heparin with the negative charges
can effectively inhibit the corrosion of CI~ on the magnesium alloy and
reduce the impact of excessive corrosion on cells and blood. In the
meantime, the continuous release of heparin endows the material with
good blood compatibility, which can significantly reduce the hemolysis
rate, platelet adhesion and activation. In addition, the improvement of
the corrosion resistance effectively inhibits the degradation of the
magnesium alloy, and significantly reduces the release of magnesium
ion and OH ™. Both GOCS and heparin can promote the growth of the
endothelial cells. These factors can effectively promote the growth of
the endothelial cells and the functional expression of NO and VEGF. The
increase of VEGF is beneficial to the growth of the endothelial cells and
the formation of vascular endothelial layer. NO and heparin work to-
gether to further inhibit platelet activation and promote the growth of
the endothelial cells.

4. Conclusion

In this paper, the positively charged GOCS and negatively charged
heparin were alternatively deposited on the magnesium alloy surface by
the LBL to construct the GOCS/Hep bioactive multilayer coating. The
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Fig. 11. Mechanism of GOCS/Hep multilayer coating on the corrosion resistance and biocompatibility of the magnesium alloy surface.

corrosion and biocompatibility were in detail investigated and the
conclusions were as follows.

(1) The corrosion resistance of magnesium alloy was significantly im-
proved by GOCS/Hep multilayers. Due to the dense and thicker
coating and the inhibition of anion adsorption of the negatively
charged heparin, the degradation of the magnesium alloy in the
corrosive solution was reduced obviously, and the impact on the pH
value of the surrounding environment was small.

(2) The GOCS/Hep multilayer coating had good blood compatibility, it
can not only significantly reduce the hemolysis rate of magnesium
alloy, but also inhibit platelet adhesion and activation. At the same
time, the multilayer coating can enhance the adhesion and pro-
liferation of the endothelial cells and significantly promote the NO
and VEGF expression.
In conclusion, the GOCS/Hep multilayer coating can not only im-
prove the corrosion resistance of magnesium alloy, but also si-
multaneously enhance the blood compatibility and endothelial
proliferation, which is expected to solve the problems of the rapid
degradation and the limited biocompatibility of the magnesium
alloy stent materials.
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