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A B S T R A C T   

Magnesium alloys with integration of degradability and good mechanical performance are desired for vascular 
stent application. Drug-eluting coatings may optimize the corrosion profiles of magnesium substrate and reduce 
the incidence of restenosis simultaneously. In this paper, poly (trimethylene carbonate) (PTMC) with different 
molecular weight (50,000 g/mol named as PTMC5 and 350,000 g/mol named as PTMC35) was applied as drug- 
eluting coatings on magnesium alloys. A conventional antiproliferative drug, paclitaxel (PTX), was incorporated 
in the PTMC coating. The adhesive strength, corrosion behavior, drug release and biocompatibility were 
investigated. Compared with the PLGA control group, PTMC coating was uniform and gradually degraded from 
surface to inside, which could provide long-term protection for the magnesium substrate. PTMC35 coated 
samples exhibited much slower corrosion rate 0.05 μA/cm2 in comparison with 0.11 μA/cm2 and 0.13 μA/cm2 

for PLGA and PTMC5 coated counterparts. In addition, PTMC35 coating showed more stable and sustained drug 
release ability and effectively inhibited the proliferation of human umbilical vein vascular smooth muscle cells. 
Hemocompatibility test indicated that few platelets were adhered on PTMC5 and PTMC35 coatings. PTMC35 
coating, exhibiting surface erosion behavior, stable drug release and good biocompatibility, could be a good 
candidate as a drug-eluting coating for magnesium-based stent.   

1. Introduction 

Permanent metal stents are one of the most effective treatment op
tions in cardiovascular interventions. However, concerns have been 
raised about their permanently presence in blood vessels, such as sus
tained physical irritation, inability of vascular remodeling, thromboge
nicity, disadvantageous characteristics for future imaging or coronary 
surgical options. Biodegradable stents may overcome these drawbacks, 
which can provide sufficient but temporary scaffolding of the blood 
vessels [1,2]. Magnesium and its alloys exhibit appropriate mechanical 
support and the ability to degrade safely in human body, and thus are 
promising candidates for biodegradable stent applications [1,3,4]. 

Unfortunately, the rapid degradation of magnesium alloy and the 

resulted fast strength decay in the physiological environment can cause 
the alloy to loss its mechanical integrity prior to optimal vascular 
remodeling [5,6], which limits its clinical application. Many efforts have 
been devoted to increase the corrosion resistance of magnesium alloys 
via surface coating, including metal oxide coatings [7], fluoride coatings 
[8,9], calcium phosphate coatings [10,11] and polymeric coatings [12, 
13]. Amongst these options, polymeric coatings are superior to other 
materials to serve as the stent coatings because of their additional ad
vantages as a drug reservoir and can be further functionalized with 
biomolecules. Poly (lactic-co-glycolic acid) (PLGA), poly (L-lactide) acid 
(PLLA) and polycaprolactone (PCL) have been extensively used in per
manent metal based drug eluting stents [14,15]. Nevertheless, there are 
some drawbacks when they are applied on the surface of magnesium 
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alloys. Their acidic degradation products and bulk degradation behavior 
may undermine rather than enhance the corrosion resistance of mag
nesium substrate [16]. Moreover, the rapid hydrogen evolution of 
magnesium alloys usually leads to the formation of gas pockets under 
the coating, which may cause the delamination of polymer pieces from 
the stent, resulting in deleterious consequences for clinical use [17]. 

The objective of this study is to develop degradable polymer coatings 
which do not produce acidic degradation products and is applicable to 
the blood-contacting stents. This requirement can be fulfilled by using 
PTMC, the degradation product of which is completely neutral. Degra
dation of PTMC is characterized by surface erosion, which may mini
mize the penetrating of blood and thus benefit in the interfacial bonding 
between the coatings and substrate during degradation. Previous in
vestigations confirmed that PTMC could significantly decrease the 
corrosion of magnesium substrates owing to the surface erosion 
behavior [18]. When combined with a sulfobetaine bearing polymer 
PSB, a hybrid polymer layer (PTMC–NHCO–PSB) inhibited platelet 
deposition and adhesion of smooth muscle cell [19]. Yuan et al. [20] 
revealed that a Mg alloy esophageal stent with PCL-PTMC coatings 
exhibited no signs of cell toxicity to the epithelial and smooth muscle 
cell layers when used in vivo. Therefore, it is expected that PTMC, which 
exhibits surface erosion behavior with neutral degradation product, 
would slow down the corrosion of magnesium substrate and show good 
cytocompatibility. 

Herein, we report the fabrication of PTMC coatings with surface 
erosion behavior to improve the corrosion of magnesium substrate. 
Fluoride and subsequent silane pretreatment was developed to improve 
the corrosion resistance of magnesium substrate and adhesion strength 
of polymer coating. PTMC coatings with different molecular weights 
were applied and the effect of polymer molecular weight on magnesium 
alloys in terms of degradation behavior, cyto- and hemocompatibility 
were systematically investigated. Furthermore, a conventional anti
proliferative drug, paclitaxel, was incorporated into the PTMC coatings. 
The drug releasing behavior and the bioactivity of the releasate was 
evaluated by determining its effect on smooth muscle cells proliferation. 

2. Experimental section 

2.1. Materials and coating preparation 

All the samples used in the present study were manufactured out of 
the as-extruded AZ31B magnesium alloy supplied by Jiaozuo Anxin 
Magnesium Alloys Scientific Technology Co., Ltd., China. Disc samples 
with dimensions of 10 × 5 × 1 mm3 were prepared for corrosion, blood 
contacting tests and cell experiments. All the samples were grounded 
with SiC papers up to 2000 grit and then ultrasonically cleaned in 
acetone, absolute ethanol and distilled water for 5 min each. The coating 
materials were PTMC with two different molecular weights of 50,000 g/ 
mol (PTMC5) and 350,000 g/mol (PTMC35). PLGA (50:50 LA:GA) with 
an average molecular weight of 100,000 g/mol was used as control. 
Before the polymer coating procedure, the samples were pre-treated by 
40% hydrofluoric acid for 72 h to allow the formation of fluoride layers 
[21]. The fluoridized substrates were subjected to the air plasma treat
ment for 5 min to clean and activate the surface. After that, the samples 
were immersed in 5% APTES solution [22], and then cured at 120 ◦C for 
30 min. The polymeric coating was synthesized by mixing the polymers 
in dichloromethane, as a solvent, in concentrations of 1% (w/v). The 
viscosity in dichloromethane is 1.03 dl/g for PTMC5, 4.7 dl/g for 
PTMC35 and 0.67 dl/g for PLGA. PTMC and PLGA coatings were 
deposited on the substrates through simple dip-coating method [23]. 
After dipping for 30 s, the substrate was withdrawn at a constant speed 
and the dip coating process was repeated several times to obtain the 
thickness uniform coating. Then the coated samples were dried in vac
uum. Prior to the cell experiments, all the samples were sterilized under 
ultraviolet radiation for at least 4 h. 

2.2. Coating characterization 

Coating morphologies were observed using an environmental scan
ning electron microscopy (ESEM, Quanta 250FEG, FEI). The samples 
were mounted in epoxy resin and cross-section morphologies and 
coating thickness were observed by SEM. The structure of polymer 
coatings was determined by Fourier transform infrared spectroscopy 
(FTIR) over a scan range of 3500 to 500 cm− 1. To determine the adhe
sion of polymer coatings on the substrates, the lap-shear test was con
ducted on an Instron 1195 machine according to ISO 4587:2003. A pair 
of samples (60 × 10 × 2 mm3) was stacked with an overlapped area of 
20 × 10 mm2 and glued with Loctite 401. The samples were then pulled 
in opposite directions at a speed of 1 mm/min until their detachment. 
Measurements were repeated three times for each sample at room 
temperature. 

2.3. Corrosion tests 

Electrochemical and immersion measurements were performed in 
terms of ASTM-G31-72 in Hank’s solution (NaCl 8.0g, KCl 0.4g, CaCl2 
0.14g, NaHCO3 0.35g, Glucose 1.0g, MgCl2⋅6H2O 0.1g, MgSO4⋅7H2O 
0.06g, Na2HPO4⋅12H2O 0.06g, K2HPO4 0.06g dissolve in 1 L ultrapure 
water) at 37 ◦C. 

Electrochemical tests were carried out by an electrochemical work
station (CHI660, Chenhua) with three-electrode system. The saturated 
calomel electrode (SCE) was reference electrode, a platinum electrode 
and the experimental samples served as the counter electrode and 
working electrode, respectively. The exposed area of the working elec
trode to the electrolyte was 1.0 cm2. Potentiodynamic polarization 
curves were recorded with a scan rate of 1 mV/s from − 1.9 to − 1.0 V 
after the stabilization of open circuit potential for 30 min. 

Immersion tests were used to characterize the static corrosion 
behavior. The hydrogen evolution volume was measured as a function of 
the immersion time. After different immersion intervals, samples were 
removed from the solution, gently rinsed with distilled water and dried 
at room temperature. The changes of surface morphologies were char
acterized by ESEM. The magnesium ion releasing was measured by 
inductively coupled plasma atomic emission spectrometry (Profile ICP- 
AES, Leeman Labs). An average of three measurements was taken for 
each group. 

2.4. Surface erosion behavior 

PTMC with average molecular weight of 350,000 g/mol was cast on 
the surface of magnesium substrate to obtain a thick polymer coating. 
Previous studies indicate that PTMC is susceptive to enzymolysis and 
exhibits faster degradation in the presence of lipase [24]. In order to 
make the phenomenon more obvious, the surface erosion behavior of 
PTMC coating was performed in lipase containing Hank’s solution with 
a concentration at 500 U/L at 37 ◦C with gentle shaking. The lipase 
solutions were refreshed every 48 h. At different time intervals, the 
PTMC coated specimens were washed with distilled water and dried in 
vacuum. The cross-section morphologies and the coating thickness were 
observed by ESEM. 

2.5. Drug releasing profile measurement 

Paclitaxel loaded polymers were prepared by solubilizing paclitaxel 
(10 wt% to polymer) into the polymer/solvent mixture prior to the dip- 
coating procedure described in Section 2.1. The polymer coated samples 
were immersed in Hank’s solution at 37 ◦C in the shaker. At different 
immersion periods, the releasate solution was collected and fresh Hank’s 
solution was added. The paclitaxel in the collected releasate was 
detected at 230 nm using an ultraviolet spectrometer. Three separate 
samples were measured for each polymer type. 
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2.6. Hemocompatibility 

The hemolysis test was carried out according to ISO 10993-4:2017 
[25] and direct contact method was adopted. Fresh whole rabbit 
blood with 3.8% sodium citrate as anticoagulant was obtained and 
diluted with normal saline in a volume ratio of 5:4 (Vsaline:Vblood). The 
samples were incubated in 10 ml normal saline at 37 ◦C for 30 min. 
Afterwards, 0.2 ml diluted blood was added and the mixtures were 
incubated at 37 ◦C for 60 min. Subsequently, blood mixtures were 
centrifuged at 3000 rpm for 5 min and the supernatant was carefully 
removed for spectroscopic analysis at 545 nm by an ultraviolet spec
trophotometer (SmartSpec 3000, Bio-Rad Laboratories, Inc.). The con
trol groups involved the normal saline as negative control and the 
distilled water as positive control. Three replicates were used for the 
hemolysis test. The hemolysis ratio is calculated via the following 
equation: 

Hemolysis ​ ratio ​ (%) =
(A − C1)

(C2 − C1)
× 100%  

Where A is the absorbance of the sample, C1 is the absorbance of the 
negative control and C2 is the absorbance of the positive control. 

The blood was centrifuged at 1000 rpm for 20 min to obtain platelet- 
rich plasma (PRP). 150 μl PRP was added on the surface of samples and 
incubated at 37 ◦C for 1 h. The samples were rinsed three times with 
PBS, fixed in 2.5% glutaraldehyde for 1 h, and dehydrated using graded 
ethanol to 100%. The morphologies of platelet adhesion on samples 
were observed by ESEM. 

2.7. Human vascular smooth muscle cell growth inhibition 

Human umbilical vein vascular smooth muscle cells (HUVSMC) were 
cultured in Smooth Muscle Cell medium (SMCM, Sciencell), 10% fetal 
bovine serum (FBS), 100 U ml− 1 penicillin and 100 μg ml− 1 strepto
mycin at 37 ◦C in a humidified atmosphere of 5% CO2. 5 × 104 cells with 
1 ml SMCM were seeded and co-cultured with the samples in 24-well 
plates. The cell culture medium was exchanged every 2 days. After 2 

and 5 days culture, the fresh culture medium containing 10% Cell 
Counting Kit-8 (CCK-8, Dojindo) was added to each well for 3 h in the 
incubator. The absorbance of the samples was measured by a microplate 
reader (Varioskan LUX, Thermo Scientific Inc.) at 450 nm. Additionally, 
the cell growth on the polymer coating was also evaluated by AO/BE 
double staining (Solarbio) and observed by a fluorescence microscope 
(Olympus, Japan). 

2.8. Statistical analysis 

The results are represented as mean ± standard deviation. Statistical 
analysis was conducted by one-way ANOVA, followed by Turkey’s 
testing. The significance was defined as 0.05. 

3. Results 

3.1. Coating characterization 

The surface and cross-sectional morphologies of the bare, HF treated 
and PTMC coated magnesium alloys are presented in Fig. 1. The bare 
substrates show clear scratches resulting from the mechanical polishing. 
After HF treatment and subsequent PTMC coating, the samples exhibit a 
flat surface with only slight scratch remnants. The cross-sectional 
morphology reveals an average coating thickness of ~5 μm (Fig. 1d). 
The HF-treated layer cannot be distinguished from the PTMC coating, 
which might be due to its low thickness ~100 nm [26]. FTIR spectrum 
(Fig. 1e) of the APTES-treated sample clearly shows peak around 1045 
cm− 1 that corresponds to Si-O asymmetric stretching in -Si-O-Si- [27,28] 
and peak around 755 cm− 1 revealing the amine groups [29]. Subsequent 
PTMC coating significantly decreases the intensities of these peaks, with 
the appearance of peaks around 1745 cm− 1 and 1230 cm− 1 that are 
assigned to the characteristic peaks of PTMC, such as C=O and C-O 
stretching vibrations. It implies the existence of PTMC coating, which is 
consistent to the FTIR spectra in other published researches [28,30–33]. 
In Fig. 1f, the bonding strength between PTMC coating and substrate is 
compared with those obtained after plasma- and silane-treatment. A 

Fig. 1. Surface morphologies of (a) bare, (b) fluoride treated and (c) PTMC coated magnesium alloys and (d) the cross-sectional morphology of (c), (e) FTIR spectra 
and (f) the bonding strength of PTMC coatings. 
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21.5% improvement of the bonding strength is obtained for the samples 
with plasma and the subsequent silane treatment, respectively. 

3.2. In vitro corrosion tests 

Fig. 2 compares the potentiodynamic polarization (PDP) plots 
measured from the fluoridized, PTMC and PLGA coated samples. The 
fitting data including values of corrosion potential (Ecorr) and corrosion 
current density (Icorr) is shown in the inset table in Fig. 2. It can be seen 
that PTMC5 and PLGA coating show little effect on the cathodic process, 
while PTMC35 coating significantly reduces the cathodic current by an 
order of magnitude. The anodic parts demonstrate a current plateau and 
then accelerate to high corrosion rate, indicating the breakdown of 
coatings. Once the coating fails, extremely high polarization current is 
shown for PLGA coated sample. Amongst three coatings, PTMC35 
coated sample exhibits the lowest anodic polarization current, suggest
ing its better protective effect over the other two coatings. The corrosion 
current densities are calculated based on the Tafel extrapolation. The 
slowest corrosion rate occurs in the case of PTMC35 coated sample 
(0.05 μA/cm2), while PLGA exhibits 1.6 times higher corrosion rate than 
PTMC35 sample. 

Fig. 3 displays the continuous immersion behaviors of various sam
ples in Hank’s solution for up to 20 days. HF treated and PTMC5 coated 
samples exhibit comparable Mg2+ releasing concentration, hydrogen 
evolution and pH change during the entire corrosion period. It is not 
consistent with the PDP results shown in Fig. 2 and could be attributed 
to the continuously changing corrosive medium and the sample surface 
during the whole 20 d immersion period. Fig. 3d presents the corrosion 
morphologies at different time intervals. HF treated and PTMC5 coated 
samples show similar trend for the initiation and subsequent enlarge
ment of corrosion pits. After immersion for 20 days, corrosion pits with a 
diameter of about 100 μm are formed on the sample surface. It suggests 
that PTMC5 coating cannot provide effective protective effect of the 
magnesium substrate against corrosion. For PLGA coated sample, the 
Mg2+ releasing and hydrogen evolution are comparable with other 
samples for 9 days (Fig. 3b). At day 10, more corrosion pits disperse on 
the PLGA coated samples compared to those on others. Thereafter, the 
corrosion is strikingly accelerated, evidenced by the abrupt increased 
hydrogen evolution, which suggests the breakdown of PLGA coating. 
The abrupt increase of pH is not found, that might be due to the 
neutralization of the alkaline corrosion product of magnesium substrate 
and the acidic degradation product generated from PLGA. After 20 
d corrosion, large corrosion pits with the diameter over 300 μm are 
formed (Fig. 3d) and the collected volume of hydrogen is over 10 times 

higher than HF treated samples. In the case of PTMC35 coating, it pro
vides sustained protection even after 20 days corrosion, evidenced by 
the much lower concentration of Mg2+ (Fig. 3a) and the maintenance of 
the coating integrity at day 20 (Fig. 3d). 

3.3. Surface erosion of PTMC coating 

The erosion of the PTMC coated samples at different time intervals is 
visualized by ESEM, as shown in Fig. 4. The surface of PTMC35 coating 
is smooth and compact, with a thickness of about 62 μm. As time 
extended, the PTMC35 coatings exhibit surface erosion behavior, as the 
outer surface of the coating becomes rougher and the coating thickness 
is uniformly thinned. No detachment of coating and the corrosion of 
magnesium substrate are observed as the coating erodes. The PTMC35 
coatings indicate linearly reduction of coating thickness with prolonged 
immersion period. The PTMC coating degrades from exterior to interior 
and this erosion behavior can provide sustained protection of substrate 
against corrosion. 

3.4. Drug release behavior 

Fig. 5 plots the paclitaxel release profile of PTMC and PLGA coated 
samples. PTMC coated samples exhibit a two-phase release profile with a 
burst release of paclitaxel during the first 2 d. Thereafter, it shows a 
sustained and slower drug releasing, and the cumulative released 
percent is ~30% within 20 d. By contrast, there is nearly no paclitaxel 
release from the PLGA coated samples in the first 2 d. From 3 to 9 d, 
PLGA coated samples exhibits comparable drug release profile to PTMC 
samples and the amount of released paclitaxel reaches 16% at day 9. The 
abrupt accelerated drug release occurs afterwards and the cumulative 
drug release comes up to 60% after 20 d incubation. 

3.5. Hemocompatibility 

Fig. 6a presents the platelets assembled onto the surface of HF 
treated, PTMC and PLGA coated samples. With PLGA coating, an 
extremely large number of platelets is observed on the surface and most 
of them is activated to the extent of dendritic spreading state in the 
pseudo-podium stage. A small number of platelets is adhered on the HF 
treated samples and some are activated to dendritic spreading state. 
Although the number of adhered platelets on PTMC coatings exhibit no 
significant difference from those on HF group (Fig. 6b), it is noteworthy 
that platelets on the PTMC coating are still in a round state. Fig. 6c 
compares the hemolysis ratio of various samples and the PTMC and 
PLGA coated samples show the hemolysis ratio of 2.2–3.98%, which is 
acceptable for clinical requirements (<5%). 

3.6. Human vascular smooth muscle cell growth inhibition 

The bioactivity of released paclitaxel from PTMC and PLGA coated 
samples are evaluated by placing drug-loaded samples into cell culture 
wells preseeded with HUVSMCs. Without paclitaxel releasing, PTMC35 
coated samples exhibit good cell viability at day 2 and 5, while only 50% 
cell viability is observed for PLGA group (Fig. 7a). When the PTMC35 
coatings containing paclitaxel are present in the culture wells, 
HUVSMCs viability is significantly reduced. However, no significant 
reduction in cell viability is observed for PLGA-PTX samples. HUVSMCs 
were also seeded onto the samples to determine the antiproliferative 
activity of paclitaxel released from coatings. It can be seen that, after 2 d, 
HUVSMCs are well adhered and exhibit elongated cell morphologies on 
PTMC and PLGA coatings. Without paclitaxel present, HUVSMCs exhibit 
substantial cell proliferation up to 5 d. Enhanced cell proliferation is 
observed on PTMC coated magnesium alloy versus the PLGA coated one. 
The cell growth is not influenced by the formation of gas bubbles on the 
sample surface. When seeding on coatings containing paclitaxel, the 
number of adhered cells is significantly decreased on day 2 and it does 

Fig. 2. Potentiodynamic polarization plots of PTMC and PLGA coated samples 
and the calculated electrochemical parameters are presented in the inset table. 
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not further increase until day 5 (Fig. 7b). 

4. Discussion 

Biodegradable polymer coatings are commonly applied for drug- 
eluting stent. However, polymer and metal have totally different phys
icochemical and mechanical properties, which results in relatively weak 
bonding at the interface. The coated polymer could be significantly 
deformed during the stent deployment and might cause the rupture or 
delamination of coating. The detached coating pieces would disturb the 
blood flow in the vessel and can be the source of acute vessel malfunc
tions [17]. In addition, the poor adhesion to the metal substrate also 
weakens the protective performance of coating [34] and results in 
hydrogen formation at the interface between magnesium and coating, 
which in turn aggravates the coating peeling-off. In this regard, the 
interfacial adhesion between polymer and magnesium should be firmly 
secured and fully evaluated. 

In the present study, a sequence of pretreatment has been adopted to 
improve the adhesive bonding between polymer coating and magnesium 
substrate. The surface of magnesium alloys has been first modified by 
fluoride treatment to promote the formation of a Mg(OH)xF2-x layer 
[35]. It can increase the corrosion resistance of magnesium substrate 
and can be used as a pretreatment process to improve the adhesion of 

PLA [36,37], PCL [38,39] and PEI [40] on magnesium substrate. After 
that, the fluoride surface has been modified via the introduction of 
amine groups through a combination of plasma and silane treatment. 
Plasma treatment easily generates many reactive species in the form of 
hydroxyl, peroxy, and carboxyl groups on the surface, which are active 
sites for the following chemical reactions and effectively increase the 
bonding strength between two substrates [41,42]. Mandofino et al. [43] 
indicated that when compared to the acetone cleaning, plasma treat
ment increased the joint strength on aluminum by 1.75 fold. Subse
quently, a cross-linked silane layer is fabricated through the in situ 
APTES polycondensation and adhered to the substrate through 
silicon-oxygen bond. This solid polysilozane networks accompanied by 
the exposed amine functional group (Fig. 1e) would provide increased 
corrosion resistance of the substrate and improve the adhesive strength 
of the following polymer coatings by forming hydrogen bonding [44, 
45]. Liu et al. [22] introduced crosslinked APTES silane barrier on the 
surface of Mg-Zn-Y-Nd alloy before PLGA coating and the APTES pre
treatment significantly increased the scratch resistance. With the 
introduction of the combined pretreatment, the bonding strength be
tween PTMC coating and the substrate is increased by 21.5% due to the 
formation of chemical bonding and the hybrid adhesive layer [42]. 

PTMC coatings were prepared through simple dip-coating method in 
present study. This method is usually used to fabricate functional layers 

Fig. 3. In vitro corrosion measurements of PTMC and PLGA coated samples: (a) magnesium ion releasing, (b) hydrogen evolution behaviors, (c) pH change and (d) 
the corrosion morphologies. 
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and has been extensively utilized for research purposes owing to it being 
a convenient and facile approach. Coatings with the thickness of a few 
microns to hundreds of microns can be produced [46] and the coating 
thickness can be adjusted by modifying the viscosity of solution, the 
number of dipping cycles and draw-up speed from solution [47]. 
Dip-coating is also applicable for irregular and complex geometry like 
stent structure [48,49]. Guo et al. [50] prepared a PDLLA coating on 
magnesium alloy stent and the coating thickness can be controlled by 
the number of dipping cycles. A silica xerogel-chitosan hybrid coating 
was applied on the Co-Cr stent by dip-coating method and the coating 
exhibited a uniform distribution on all parts of the stents [51]. More 
importantly, the low glass transition temperature Tg (about − 16 ◦C 
[52]) imparts good elastomeric mechanical properties to the PTMC 
coating. The elastomeric coating could better withstand the force exer
ted by the stent expansion procedure [53]. 

The degradation mode and degradation product of polymer coating 
has an important influence on the corrosion of magnesium alloy sub
strate and the associated drug releasing profile. Fig. 8 presents a sche
matic illustration of the corrosion of PLGA and PTMC coated magnesium 

alloys and the resulted drug releasing behavior. The slower observed 
initial PTX release from the PLGA coatings was observed during the first 
2 d (Fig. 5) and was attributed to its higher Tg (>37 ◦C [54]). Therefore, 
the molecular motion and free volume of the amorphous polymer were 
limited, thus in turn inhibiting the PTX release from the bulk polymer. 
Similar phenomena is also reported in the literature of Gu et al. [54]. 
However, micropores and cracks can be easily formed in the PLGA 
coatings (Fig. 3d) owing to its self-accelerated bulk degradation mech
anism [22,32]. The micropores or cracks permit the penetration or 
diffusion of aqueous solution which favors the water uptake and hy
drolysis of both exterior and interior of PLGA coating. The acidic 
degradation product (i.e. lactic acid) from PLGA hydrolysis could react 
with magnesium substrate with the generation of alkaline corrosion 
products, such as hydrogen and Mg(OH)2, precipitated at the interface 
[55]. The resulted local alkaline environment can also accelerate the 
coating degradation. At this stage, the drug release no longer depends on 
the diffusion control of the polymer but their degradation [56] and a 
rapid drug release profile is thus observed for PLGA coated samples 
during 3–9 d. In addition, the degradation of PLGA is further accelerated 
by the internal autocatalysis and induces the overall collapse of the 
polymer structure [22,32]. The protective effect of the coating is, 
therefore, largely destroyed, which abruptly speeds the magnesium 
corrosion kinetics after 9 d (Fig. 3b) and leads to the severe localized 
corrosion at day 20 (Fig. 3d). It was in accordance with Li’s work, which 
reported a sudden accelerated corrosion of Mg-Zn after the breakdown 
of PLGA coating [57]. The solution pH value is increased to 9–11 
(Fig. 3c), which can also catalyze the degradation of PLGA coating and 
hence further accelerated drug releasing rate is revealed during 9–20 
d (Fig. 5). 

In the case of PTMC coating, the sudden drug release occurs during 
0–3 d, which may be due to the PTX molecules release from the coating 
surface. More importantly, PTMC exhibits a surface erosion behavior. 
The cleavage of their backbone is faster than water diffusion [18]. Thus 
the hydrolysis mainly occurs on the coating surface while the interior of 
coatings undergoes slight or no hydrolysis [32,58]. As a result, the PTMC 
coating is uniformly and gradually thinned in Hank’s solution with the 
non-degraded coatings maintain intact structure and provide relative 
long-term protective effect to the substrate (Fig. 8). In addition, the 
neutral degradation product is friendly to magnesium alloy and may not 
accelerate the overall corrosion of magnesium substrate. With surface 

Fig. 4. The surface erosion of PTMC coating: cross-sectional morphologies of PTMC35 coated samples after (a) 0 h, (b) 48 h, (c) 96 h, and (d) 144 h corrosion and (e) 
the change of coating thickness as a function of immersion time. 

Fig. 5. Drug release profiles of PTMC and PLGA coated samples with paclitaxel.  
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erosion behavior and much slower degradation, PTMC coated samples 
show sustained paclitaxel released (Fig. 5). Only minor corrosion is 
hence occurred on PTMC coated magnesium substrate during the entire 
corrosion period (Fig. 3d). It was reported that the degradation rates of 
PTMC polymers increased with increasing molecular weight [24,59]. 
Surprisingly, the high molecular weight PTMC35 coating provides better 
protective effect for the magnesium substrate over low molecular weight 
PTMC5 counterparts in the present study. This observation may be 
related to the poor form-stability of low molecular weight PTMC [60]. 
Low molecular weight PTMC usually suffers serious deformation during 
degradation. This behavior may undermine the coverage and the asso
ciated protective effect of coating. Even though PTMC5 should exhibit 
much slower degradation rate than PTMC35, it is difficult to maintain 
the as-prepared or initial configuration and thus cannot provide sus
tained protection to Mg substrate. 

The hemocompatibility of PTMC and PLGA coating was evaluated by 
hemolysis rate and platelet adhesion. In our study, the hemolysis rate of 
PTMC coated samples was below 5%, meeting the clinical requirements 
[2]. After the stent is implanted, the platelets will adhere to the endo
thelium, and if activated at the injury site, it will trigger the recruitment 
of more platelets to form a thrombus [61]. Unlike the PLGA coated and 
HF treated specimens, platelets attached to the PTMC coating remain 
round and inactive, possibly attributed to the protective effect of PTMC 
against substrate corrosion. It has been reported that hydrogen released 
by magnesium during incubation may lead to excessive platelet adhe
sion because localized hydrogen nuclei interfere with proteins in direct 
contact with platelets [62]. Both PTMC5 and PTMC35 coating samples 

have satisfactory results in terms of platelet morphology, adhesion 
amount and hemolysis rate. Vascular restenosis is an adverse phenom
enon caused by tissue inflammation and excessive proliferation of 
smooth muscle cells after stent implantation, which is also one of the 
main concerns of stent implantation [63]. Inhibition of smooth muscle 
cell proliferation is thought to reduce the incidence of restenosis [64, 
65]. Paclitaxel, as an effective anti-inflammatory and anti-proliferative 
drug, is widely used in the research of DES vascular stents [66] and is 
loaded in the polymer coating in present study. With surface erosion 
behavior, PTMC coated samples show sustained paclitaxel released and 
exhibits a long inhibitory effect on HUVSMC proliferation. The HUVSMC 
inhibition results demonstrates the paclitaxel maintains bioactivity after 
polymer loading and solvent contact, suggesting feasibility for future 
application. 

In summary, we have successfully prepared PTMC coatings with 
surface erosion behavior on magnesium substrate. When compared with 
PLGA coating, PTMC35 coating can significantly improve the corrosion 
resistance of magnesium substrate and exhibit sustained drug releasing 
profile during long-term corrosion period. PTMC coatings also reveal 
good hemo- and cyto-compatibility, showing great potential as a drug 
carrier material for stent applications. 

Some notable limitations of the study should be mentioned here. 
First, the focus of this study was on preparing a surface eroded polymer 
layer and investigating its feasibility as a drug-eluting coating on mag
nesium alloy. The magnesium substrate used here is a commercial 
AZ31B alloy. The neurotoxic issue of the alloying element aluminum 
should pay close attention. Second, the flow of blood plays a key role on 

Fig. 6. (a) Representative morphologies of adherent platelets on the surface of PTMC and PLGA coated samples, (b) the number of platelets assembled on different 
coating surfaces and (c) hemolysis percentage. 
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the initial stage of stent corrosion. The dynamic corrosion of PTMC 
coated samples should be evaluated, and the surface erosion behavior 
and associated drug release profile may be significantly affected by the 
flow induced shear stress. Further study could consider a systematic 
investigation into the surface erosion of coating, corrosion of substrate 
and drug releasing of PTMC coated magnesium when the flow is applied 
on the sample. 

5. Conclusion 

In this study, we developed the PTMC coating with different mo
lecular weight on magnesium alloys and investigated its feasibility as 
drug-eluting coatings for stent applications. The in vitro corrosion 
behavior, drug release profile and the biocompatibility of PTMC coated 
samples were evaluated, taking PLGA coated ones as control. The 
following conclusions can be drawn: 

Fig. 7. (a) Cell viability, (b) quantitative analysis and (c) morphologies of HAVSMCs on the surface of PTMC and PLGA coated samples with or without paclitaxel. *P 
< 0.05 and **P < 0.01. 

Fig. 8. Schematic illustration of the erosion models and drug release for (a) PLGA coated and (b) PTMC coated samples.  
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1. PTMC coating exhibited surface erosion behavior and high molecular 
weight PTMC35 coating provided long-lasting protection for the 
substrate with only scattered corrosion pits observed after 20 
d corrosion. The corrosion rate of PTMC35 coated samples exhibited 
much slower corrosion rates 0.05 μA/cm2 than the low molecular 
weight PTMC counterparts (0.11 μA/cm2) and the PLGA control 
(0.13 μA/cm2).  

2. PTMC coating indicated more stable and sustained paclitaxel release 
than the PLGA coating, which effectively inhibited the HUVSMC 
proliferation. The cumulative drug release came up to 30% after 20 
d incubation.  

3. PTMC coated samples showed good cyto- and hemo-compatibility 
with only few platelets adhered on them. The hemolysis ratio of 
PTMC coated sample is 3.98% which is satisfactory for clinical re
quirements (<5%). 
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