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To understand the possible inﬂuence of substrate degradation on the drug-loading system of magnesium alloybased drug-eluting stents, a rapamycin drug-loading poly(lactic-co-glycolic acid) coating was prepared on MgNd-Zn-Zr stents for a systematic investigation in a phosphate buﬀer system. Mg degradation accelerated the drug
release kinetics prominently, which was mainly attributed to H2 evolution in the diﬀusion-controlled phase
while thereafter to PLGA erosion. Although physiochemical stability of the released rapamycin was partially
deteriorated by magnesium degradation, the drug-loading system on magnesium substrates exhibited a more
potent long-term inhibition on smooth muscle cell proliferation in vitro as compared to drug-loaded stainless
steel.

1. Introduction
In the last decade, implantation of drug-eluting stents (DESs) has
revolutionized the interventional cardiology in treating diseased coronary arteries. Beneﬁting from the local release of the loaded drugs, the
risk of restenosis following stenting has been shown to be further
reduced or even eliminated compared with bare metal stents [1–3].
Conventional stent materials including stainless steel, nickel-titanium
alloy and tantalum, generally passive metal based, however, have posed
clinical limitations which are most possibly associated with the
permanent presence of artiﬁcial implants [4–7]. Attempt has been
recently fostered to deploy absorbable stents composed of biodegradable materials for temporary structural support until the recovery of
arteries, accompanied with complete degradation/absorption of implant materials over time.
Among various biodegradable materials, magnesium alloys have
attracted intense interest thanks to their desirable mechanical properties and great biosafety [8]. A number of studies [9–16] focused on the
promising use of Mg alloys as temporary cardiovascular stents, and
DESs have emerged since the ﬁrst successful implantation of a Mg stent
into the left pulmonary artery of a preterm baby [17]. Recently
⁎

developed magnesium alloy-based drug-eluting stents DREAMS and
DREAMS 2G, oﬀering antiproliferative drug (paclitaxel or rapamycin)
elution as well as a slower stent degradation compared with the bare
Mg stent, were successively tested in the BIOSOLVE-I and BIOSOLVE-II
clinical trials, exhibiting favorable biosafety and eﬃcacy with no death
and no obvious scaﬀold thrombosis [10,15,18].
For DES application, local drug release kinetics and releasing
mechanisms are crucial in inhibiting vascular smooth muscle cell
(SMC) proliferation, neointimal hyperplasia and lumen renarrowing,
consequently determining the clinical eﬃcacy of DES treatment, e.g.
rates of restenosis and neointimal proliferation [19]. Though biodegradable Mg-based DES has revealed great prospect for wide clinical
use to substitute the conventional passive, there is still a lack of
fundamental understanding of the interactions between magnesium
substrate and drug loading system with regard to drug eluting process,
by which the performance of DESs would be largely aﬀected. As in
contrast to passive stent materials, Mg-based substrate is easy to be
subjected to corrosion/degradation in aqueous media, according to the
Eq. (1) [20].

Mg(s) + 2H2 O(aq) ⇋ Mg(OH)2 (s) + H2 (g)↑
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nology Co., Ltd. (Shanghai, China). Hydroﬂuoric acid (40 wt.%) of
analytical grade, methanol, acetonitrile and ethyl acetate of HPLC
grade were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

Insoluble Mg(OH)2 is formed once the metal reaches direct contact
with water, but it is not stable in the presence of anions like Cl−, SO42−
or under acidic conditions [21,22]:

Mg(OH)2 (s) ⇋ Mg2+(aq) + 2OH−(aq)

(2)

2.2. Sample preparation

Thus, the degradation of Mg substrate inevitably leads to environmental changes in Mg2+ concentration, pH, hydrogen evolution and
other physiochemical conditions [8,23]. While a lot of eﬀorts were
recently made to investigate the inﬂuence of the released Mg2+ on
vascular-related cellular responses [24], the impact of other changes,
such as hydrogen evolution and pH increase that are likely to exert on
the loaded drug elution and the subsequent eﬀect on cells, has been
rarely studied and remains unclear so far.
Generally, modern DESs are comprised of three parts − a stent
platform, a coating, typically polymeric, that loads and elutes drugs,
and the drug, mainly immunosuppressive and antiproliferative agents
to inhibit neointimal hyperplasia. Regarding stent platform, one of the
most challenging problems for application of Mg alloys lies in the high
degradation rate as well as the localized corrosion [25,26], which could
result in early fractures and failure of stents due to the lack of suﬃcient
supporting strength. Previously in our group, a novel Mg-Nd-Zn-Zr alloy
(named JDBM) has been developed owning nanophasic uniform
degradation characteristic [27] and low corrosion rate [28]. Surface
treatment generating a thin MgF2 conversion layer further enhanced its
durability and biocompatibility [21,29], thus presenting as a promising
candidate for DES platform. Poly(lactic-co-glycolic acid) (PLGA) is a
type of physically strong, biocompatible and biodegradable polymer
[30]. It has been extensively applied as drug delivery vehicles, scaﬀolds
for tissue engineering, and drug-loaded coatings for stents and other
implants as well [31–33]. Rapamycin (RAPA), which inhibits in-stent
restenosis by binding and prohibiting the mammalian target of
rapamycin (mTOR), arresting the G1-S phase in the cell cycle [34]
and therefore inhibiting the proliferation of smooth muscle cells, are
intensively used as an anti-restenosis agent in DESs for its superior antiproliferation and immunosuppressant properties [35].
Here, a drug eluting system composed of PLGA coatings as drug
carrier loaded with RAPA were prepared on JDBM substrates with a
protective MgF2 conversion coating, in order to conduct a systematic
study of the potential eﬀect of Mg degradation on the in vitro RAPA
release proﬁles, drug stability as well as the underlying release
mechanisms in a phosphate buﬀer system. The resultant anti-proliferative eﬀectiveness was quantitatively evaluated with smooth musclederived cell line. As one of the conventional passive stent materials,
stainless steel corrodes so slow that once it is implanted into body it is
most likely to stay life-long time, therefore, 316 L stainless steel
(hereafter denoted as 316 L SS) drug-eluting system served as the
control group of passive substrate throughout the study.

Since the corrosion resistance of bare magnesium alloy is poor for
clinical application, in this paper, all the Mg-alloy based stents and
disks were pre-treated in hydroﬂuoric acid for 14 h to form a protective
MgF2 layer of ∼1.5 μm thickness to retard the rapid corrosion of the
bare Mg-Nd-Zn-Zr alloy (denoted F-JDBM) [21].
F-JDBM and 316 L SS stents of an identical structure were fabricated
by a laser cutting technology. A hybrid solution containing PLGA and
RAPA with an overall solid concentration of 1 w/v% was prepared and
the ratio of RAPA/PLGA was 12 wt.%. F-JDBM and 316 L SS-based
DESs were prepared using a rotary ultrasonic spray-coating technology
as described in ref [36] to obtain a drug loading of 1.4 ± 0.2 μg/mm2.
JDBM and 316 L SS disk specimens (ϕ15 × 3 mm) were ground
with SiC paper up to 3000 grit, cleaned in acetone and ethanol,
respectively, dried with warm air and followed by the treatment with
hydroﬂuoric acid. Coatings (PLGA or PLGA/RAPA coating) were
prepared by a solvent casting method. Precisely, 100 μL of the preprepared solution with a total polymer and drug concentration of 2 w/v
% was dropped on top surfaces of F-JDBM and 316L SS disks followed
by drying for 24 h in a chemical hood to obtain similar coating
thickness as the DESs. All the coated stents and disk samples were
subsequently transferred to a vacuum chamber for further drying for at
least 48 h.
For simplicity, acronyms for the samples with diﬀerent coatings are
listed in Table 2.
2.3. Physicochemical characterizations
The surfaces of the drug-eluting stents (DESs) were observed using a
scanning electronic microscope (SEM, FEI NOVA NANOSEM 200, USA)
after coated with a thin layer of silver by a sputter coater (Cresington
208 HR, USA). Fourier transform infrared spectroscopy (FTIR, Nicolet
6700, ThermoFisher, USA) was used to examine the chemical structure
of PLGA, RAPA and PLGA/RAPA coatings on disk samples in the wave
number range of 4000–600 cm−1. The X-ray diﬀraction (XRD) patterns
of PLGA ﬁlm, PLGA/RAPA ﬁlm, and pure RAPA were characterized
using X-ray diﬀractometer (Smart Lab, Japan) and data in the angular
region of 2θ = 5–40° were collected at room temperature.
2.4. In vitro RAPA release
F-JDBM and 316L SS DESs were immersed into 3 mL of phosphate
buﬀer saline (PBS, NaCl 8.0 g/L, KCl 0.2 g/L, Na2HPO4 1.44 g/
L,KH2PO4 0.24 g/L) containing 0.5 v/v% Tween 20 (denoted as
PBST), respectively. A slight amount of Tween 20 was added to increase
the solubility of RAPA in PBS. After placed in a shaking incubator
(80 rpm, 37 °C) for predetermined time intervals, the releasing medium
was collected and replaced with fresh PBST. Subsequently the ﬁltrate
through 0.2 μm ﬁlters (Millex GPﬁlter unit, Millipore, USA) was
collected, and the RAPA concentration in the release medium was
measured using a bio UV/Vis spectrophotometer (Thermo Spectronic
Genesys 10, USA) at the wavelength of 278 nm. The pH of the release
medium was monitored with a pH meter (VWR SympHony SB70P,
USA). In addition, at the end of the entire test of 60 days, the surface
morphologies of the specimens were observed using SEM.

2. Materials and methods
2.1. Materials
Mg-Nd-Zn-Zr alloy (detailed composition listed in Table 1a) was
used as the substrate material, and the specimens were prepared in the
same way as in ref. [21]. Commercial 316 L SS (detailed composition
listed in Table 1b), was employed as the control substrate group. PLGA
(mole ratio of LA/GA = 75/25) with a weight-average molecular
weight of ∼100,000 g/mol was supplied by Akina, Inc., USA. Rapamycin (RAPA, > 99%) was purchased from Shanghai Baibo BiotechTable 1a
The chemical composition of Mg-Nd-Zn-Zr alloy.

2.5. H2 evolution
Element

Mg

Nd

Zn

Zr

Mn

Si

Cu

Fe

wt.%

balance

2.1

0.21

0.5

0.009

0.006

0.005

0.002

The hydrogen evolution test was carried out as depicted in Ref.
[37]. The disk samples were suspended in beakers containing c-SBF
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Table 1b
The chemical composition of 316 L stainless steel.
Element

Fe

Cr

Ni

Mo

Mn

Cu

Si

C

N

S

P

wt.%

balance

17.5

13.07

2.66

1.06

0.05

0.6

0.025

0.004

0.008

0.002

2.6.2. The eﬀect of H2 release
The eﬀect of H2 evolution on drug release proﬁles was investigated
following the experiment shown in Fig. 1b in PBST. Two experimental
groups (noted Group b1 and Group b2, respectively) with each group
containing a 316 L SS and a F-JDBM sample were designed for
comparison. In group b1, the 316 L SS was coated with PLGA/RAPA,
and the F-JDBM with bare PLGA; while in group b2, vice versa. In each
group, the two samples were placed in a ﬂat-bottomed container and
separated by a piece of glass to ensure there was no contact between the
samples, which is likely to cause galvanic corrosion. The drug release
kinetics measurement was carried out in 10 mL of PBST for a period of
36 days, and the release medium was replaced periodically.

Table 2
List of the acronyms used in this paper.
Sample Description

Acronym

Bare Mg-Nd-Zn-Zr
HF-pretreated Mg-Nd-Zn-Zr
PLGA-coated Mg-Nd-Zn-Zr pretreated with HF
PLGA/RAPA-coated Mg-Nd-Zn-Zr pretreated with HF
PLGA/RAPA-coated 316 L stainless steel
Drug-eluting stents
Rapamycin
Poly(lactic-co-glycolic acid)
Lactic acid/glycolic acid

JDBM
F-JDBM
PF-JDBM
PRF-JDBM
PR-316 L SS
DESs
RAPA
PLGA
LA/GA

2.7. Eﬀect of magnesium degradation on PLGA hydrolysis

(NaCl 8.036 g/L, NaCO3 0.352 g/L, KCl 0.225 g/L, K2HPO3·3H2O
0.230 g/L, MgCl2·6H2O 0.311 g/L, 1.0 M HCl 40 mL/L, CaCl2 0.293 g/
L, Na2SO4 0.072 g/L, Tris 6.063 g/L, buﬀered with 1.0 M HCl to pH 7.4
at 37 °C) with a funnel placed over the specimens to collect the
hydrogen evolved from the specimen. A burette was mounted over
the funnel and ﬁlled with solution. In this way, the volume of the
evolved hydrogen was measured.

The eﬀect of magnesium degradation on PLGA hydrolysis was
investigated by immersing PRF-JDBM and PR–316 L SS samples
separately in diﬀerent tubes containing 10 mL of PBST (pH 7.4) for
∼2 months. Corresponding to the drug release tests, the medium in
each tube was regularly replaced in the same manner as described in
sec.2.6. After immersion in PBST for predetermined time, the samples
were taken out, rinsed thoroughly with deionized water and dried in a
vacuum chamber. The surface morphologies of the hydrolyzed PLGA
coating on both F-JDBM and 316 L SS substrates were then observed
using SEM.

2.6. Factors aﬀecting the drug release from F-JDBM DESs
During the drug release process of F-JDBM DESs, due to the
degradation of Mg alloy, the release system was expected to experience
obvious changes in two aspects: the increase of pH, and the H2
evolution. In order to investigate the respective inﬂuence of pH change
and H2 release on the drug release, two sets of experiments were
designed as follows (shown in Fig. 1).

2.8. RAPA stability measurement
As RAPA is not stable in PBS, certain amount of isopropyl alcohol
(IPA) is required to increase its stability [38]. In this study, IPA was
added to PBS (30% v/v) to minimize the eﬀect of PBS on the stability of
RAPA, as well as to improve the solubility of RAPA in aqueous medium.
To study the eﬀect of Mg degradation on the stability of RAPA, a
10 μg/mL RAPA solution was prepared by dissolving RAPA in PBS
containing 30% v/v IPA, and then bare JDBM, F-JDBM and SS specimens were immersed in the solution, separately. After incubation for 1
d and 2 d, high performance liquid chromatography (HPLC) results of
RAPA were recorded using an HPLC system (Agilent 1100 series, USA)
with UV detection at 278 nm. All the tests were run with a ﬂow rate of
1 mL/min
at
60 °C
through
an
Agilent
C18
column

2.6.1. The eﬀect of pH
The eﬀect of pH of the media on the drug release kinetics was
examined by monitoring drug release proﬁles from PLGA/RAPA coatings on 316 L SS disk samples in 5 mL of PBST of pH 7.4 (Group a1), 8.4
(Group a2) and 9.7 (Group a3), respectively, as illustrated in Fig. 1a. At
each predetermined time point, the solutions were all replaced with
fresh medium in order to keep the pH stable during the entire test
process (60 days).

Fig. 1. Experimental designs to investigate the respective inﬂuence of pH (a) and H2 release (b) on drug release from PLGA/RAPA coatings. The results of experiment (a) and (b) are
respectively displayed in Fig. 5(a) and (c).
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(5 μm × 4.6 mm × 25 cm). Acetonitrile, methanol and water of HPLC
grade in the ratio of 40:40:20 (v/v) was used as a mobile phase and the
injection volume was 20 μL.

indicating the crystalline nature of RAPA, while PLGA displayed only
amorphous halo patterns. After loading RAPA into PLGA ﬁlm, no
diﬀraction peaks associated with RAPA crystal molecules were observed, which indicates that the RAPA drug appeared in amorphous
form or monomolecularly dispersed state in PLGA ﬁlm.

2.9. Cell adhesion and proliferation assays

3.2. In vitro release proﬁles

The rat aorta smooth muscle cell line (A7r5) was purchased from
the Cell Bank, Chinese Academy of Sciences. The cells were cultured in
Dulbecco’s Modiﬁed Eagle Medium [39] (DMEM, Gibco, Invitrogen)
supplemented with 10% fetal bovine serum (FBS, Gibco, Invitrogen),
100 units/mL penicillin (Gibco, Invitrogen), and 100 units/mL streptomycin (Gibco, Invitrogen) in a cell incubator (humidiﬁed atmosphere
with 5% CO2 at 37 °C). The cells were used for passages of 4–10 in this
study.
Disk samples of PF-JDBM and PRF-JDBM were placed in a 24-well
plate with 1 mL of 1 × 104/mL cell suspension added onto each well.
After 24 h and 72 h of incubation, respectively, the samples were gently
rinsed with PBS, and stained with calcein acetoxymethyl dye (CalceinAM, Sigma, US) at a concentration of 0.5 μg/mL for 15 min, followed by
gentle washing with PBS. Observation was then conducted with
inverted ﬂuorescence microscopy (IX 71, Olympus). Cells in the blank
well were used as negative control (NC).
Moreover, in order to evaluate the long-term proliferation inhibition
of the drug-loaded F-JDBM and 316 L SS samples, the PRF-JDBM and
PR–316 L SS samples were immersed in DMEM for 10 days to eliminate
the burst drug release, during which DMEM was replaced every 3 days
to avoid reaching drug saturation solubility in the medium. Thereafter
cell proliferation assay was conducted on the samples as described
above.

The in vitro drug release kinetics of F-JDBM and 316 L SS-based
DESs within 2 months measured with UV–vis spectrophotometry are
shown in Fig. 3a. The in vitro RAPA release proﬁle of the F-JDBM DESs
showed three well-deﬁned phases: (Ι) burst release in the 24 h, and (ΙΙ)
slower drug release from day 2 to day 33, followed by a nearly linear
release (III) to day 52, after which a plateau was reached due to the
almost complete release of the total drug. In contrast, 316 L SS DESs
showed a two-stage drug release kinetics proﬁle: (Ι) burst release in the
ﬁrst 24 h, and (ΙΙ) extremely slower drug release until the end of the
test. It can be seen that the degradation of Mg substrate enhanced the
drug release signiﬁcantly—F-JDBM DESs exhibited considerably higher
release rate than that of 316 L SS DESs, with ∼ 80% of the overall
amount of drug was released by the end of the test, while only less than
20% was released from 316 L SS DESs.
Meanwhile, the corresponding pH changes of the release media
during the drug release process were also monitored, displayed in
Fig. 3b. It should be noted that at each time interval, release medium
was replaced with fresh buﬀer of pH 7.4. For F-JDBM DES group, the
pH rose dramatically in the ﬁrst week from 7.4 to about 9.0, followed
by a ﬂuctuation between pH 8.5 and pH 9.5 until the end of the test. On
the contrary, 316 L SS DES group experienced a slightly decrease in
terms of pH, which could be mainly attributed to the slow hydrolysis of
PLGA, leading to intermediate degradation products with some acidbase functionality, such as carboxylic groups.
The SEM images of the surface morphologies (Fig. 4a and b) at the
end of the drug release test demonstrated that the drug-eluting PLGA
coating on F-JDBM stent degraded faster than that on 316 L SS
platform. Cross-section of the stent strut (Fig. 4c) revealed uniform
and extremely slow degradation of the Mg alloy substrate, as the vast
majority of the strut (∼140 × 130 μm, encircled by black dotted line)
remained intact, with no observation of corrosion pits. The degradation
product included two layers, an inner compact one (encircled by blue
dotted line) attributable to the transformation of the Mg alloy substrate
to corrosion product, and an outer loose one, which was predicted to be
stable phosphate crystals resulted from the reaction between the
corrosion product and the PBS solution. EDS mapping (Fig. 4d) of a
partial region (encircled by red dotted line) showed both of the layers
were mainly composed of Mg, O, P and Zr, which could be inferred to
be magnesium hydroxide, magnesium phosphate, zirconia and zirconium hydroxide.

2.10. Statistics and data analysis
The results were expressed as the mean ± SD. The variance among
diﬀerent groups was analyzed with one-way ANOVA method using
SPSS software and statistical signiﬁcance was set at p < 0.05. All the
cell experiments were conducted in triplicate for each group at each
time, and the assays were repeated at least twice.
3. Results
3.1. Physiochemical characterizations
Fig. 2a shows the stent structure used to fabricate drug-eluting
stents, and the size of the strut is designed to be 160 × 150 μm. SEM
images in Fig. 2b and c show smooth outer and inner surface texture of
PLGA/RAPA coating on the stent platforms, without any web formation. No drug crystals were observed on the surface, indicating that
RAPA was well integrated in the PLGA matrix without phase separation. The thickness of the coating was calculated according to the
equation h = m/ρS (h, m, ρ, S refer to the thickness, the mass, the
density and the surface area of the coating, respectively) to be about
4–6 μm.
The chemical structures of the coatings were characterized with
FTIR and the spectra of PLGA coating, RAPA drug and RAPA-loaded
PLGA coating are respectively shown in Fig. 2d. After RAPA loaded into
the PLGA ﬁlm, the characteristic peaks of RAPA were observed-the
intensity of the peaks around 2930 cm−1 and 1746 cm−1 were
signiﬁcantly strengthened, and a shoulder peak at 1644 cm−1 appeared. Additionally, the positions of the characteristics peaks of RAPA
did not shift in the RAPA-PLGA coating, compared with the spectra of
RAPA alone. These results indicated that the drug coexisted with PLGA
in a physically dispersed state rather than chemically bonded, and thus
the RAPA drug may well maintain its essential biochemical properties
and pharmaceutical functions.
The XRD patterns of PLGA, PLGA/RAPA ﬁlms and pure RAPA are
shown in Fig. 2e. The pattern of the pure drug showed sharp peaks

3.3. Factors aﬀecting the enhanced drug release
The degradation of magnesium alloy in aqueous solutions mainly
leads to environmental changes in terms of solution alkalinity and the
local release of H2. Therefore, the promoted drug release from PLGA/
RAPA coating on Mg-based substrates as compared with the passive
316 L SS substrates is assumed to be aﬀected by these two variables.
Herein, in order to determine to what extent these two factors
respectively contributed to the improvement of drug release, two sets
of experiments were designed as described in sec.2.6, with the results
displayed and analyzed in Fig. 5.
3.4. pH
Fig. 5a Displays the release proﬁles of RAPA from PR–316 L SS disks
in PBST with pH of 7.4, 8.4 and 9.7, respectively. Specimens at various
pH showed similar release kinetics that RAPA was released at a slow
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Fig. 2. The designed stent structure used in this study (a); SEM images of the outer (b) and inner (c) surface morphologies of F-JDBM DESs; FTIR spectra (d) and XRD patterns (e) of PLGA,
RAPA and PLGA/RAPA ﬁlms.

Fig. 3. RAPA release proﬁles for 2 months from PLGA/RAPA coating on F-JDBM and 316 L SS DESs, respectively (a), with curves of phase II are both ﬁtted using Higuchi model; and the
pH change of the drug release media during the 2-month period (b).

release rate after the initial burst release at about 22% on the ﬁrst day,
indicating the change of pH in the range of 7.4–9.7 barely aﬀected the
release rate.

diﬀerence between the two groups lies in that in the tubes containing
PRF-JDBM samples, i.e. Group b2, the released H2 from magnesium
degradation was speculated to aﬀect the local diﬀusion process through
the coating while H2 produced from PF-JDBM in Group b1 should not
interfere with the local drug release from the coating on PR–316 L SS.
The eﬀect of H2 evolution on the drug release proﬁles is revealed in
Fig. 5c. The two groups displayed similar release kinetics, i.e., a burst
release of about 18% followed by a slower release proﬁle, which seems
to be a diﬀusion-controlled stage. However, during the entire release
period, Group b2 released nearly 70% of the total amount of drug while
only about 40% in Group b1, indicating that Group b2 exhibited
markedly higher drug release rate, about almost twice as compared to
Group b1.

3.5. H2 evolution
H2 evolution proﬁles of PF-JDBM and PRF-JDBM samples in c-SBF
shown in Fig. 6 demonstrated that the addition of 12 wt.% RAPA did
not aﬀect the protective eﬀect of PLGA coating. Therefore, the two
groups described in sec.2.6b were conceived to show identical degradation rates, leading to analogous pH environments in both containers,
which was conﬁrmed by monitoring pH as displayed in Fig. 5b. In this
way, the eﬀect of pH on the drug release could be excluded. The only
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Fig. 4. The SEM images of surface morphologies of F-JDBM (a) and 316 L SS DESs (b) at the end of drug release test; and cross-section morphology (c) and local EDS mapping (d) of the FJDBM DES after dissolving the coating.

indicating the hydrolysis of RAPA occurred. The percentages of the
RAPA remaining in the original chemical structure are displayed in
Fig. 8d, calculated based on the corresponding peak area. The peak
intensity of remaining RAPA in media containing Mg started to
decrease faster than that with 316 L SS after 5 h co-cultivation,
suggesting that the degradation of JDBM substrate had deteriorative
eﬀect on the hydrolysis of RAPA. With the protection of a MgF2 layer to
decelerate Mg substrate degradation, the deterioration was signiﬁcantly
reduced, as only trivial discrepancy ( < 5%) could be observed
between the results of F-JDBM and 316 L SS samples even after cocultivation for 48 h.
Additionally, based on the above results, it is noteworthy that due to
the hydrolysis of RAPA, HPLC may not be suitable for measuring the
RAPA release proﬁles in this case. Further study shown in
Supplementary Fig. S1 proved that UV–vis spectrophotometry is a
more appropriate technique to monitor RAPA release kinetics, as the
initial hydrolysis products of RAPA exhibited the same absorption
wavelength as RAPA, and thus the data measured by UV–vis spectrophotometry are considered to be more accurate.

3.6. The eﬀect of F-JDBM degradation on PLGA hydrolysis
The surface micrographs of PRF-JDBM and 316 L SS samples after
immersion in PBST for various time are shown in Fig. 7. The homogeneously distributed tiny island-shaped bulges on the topmost surface
before immersion were probably due to the surface segregation of
RAPA. After 6 h of release, uniformly distributed pits were observed on
the entire surface, most probably owing to the dissolution of RAPA
present on the topmost surface of the coating. Bubbles/bulges of
diﬀerent sizes could be attributed to the formation of gas pocketsaccumulated H2 generated during the corrosion/degradation of Mg
substrates. Micro-cavities started to occur occasionally at day 7 and the
formation of submicro- and micro-scale cavities and cracks increased
substantially at the end of the third week, with some gas pockets
bursting, indicating that the coating started to erode [40]. At the end of
the test (58 d), a large portion of the coating surface was damaged and
defects/holes of tens of μm size could be observed, which is likely to be
caused by the erosion of the PLGA polymeric coating, resulting in the
formation of soluble oligomeric fragments and monomer products. On
the contrary, the PLGA coating on 316 L SS samples remained smooth
and compact with only occasional micro-pores observed, demonstrating
much slower hydrolysis of PLGA.

3.8. In vitro anti-proliferation eﬀect
The short-term inhibitory eﬀect of PRF-JDBM on the proliferation of
A7r5 cells were evaluated with direct cell adhesion and proliferation
assays, of which the results are shown in Fig. 9. After 1 d of culture, the
density of adherent live cells on PRF-JDBM (12 ± 5 cells/mm2) is
signiﬁcantly lower than that on PF-JDBM (24 ± 9 cells/mm2) and the
NC group (22 ± 4 cells/mm2). Besides, cell spreading morphology also
followed the same trend among these groups, with those on PRF-JDBM
appearing abnormal shrunken conﬁguration, a prognostic indicator of
poor survival and function. After cultured for 3 days, while the
quantities of cells on the other two groups were observed to increase
dramatically by almost 3–4 folds, no obvious increase in the live cell
density on PRF-JDBM occurred; hence demonstrated a signiﬁcant
inhibitory eﬀect on A7r5 cells proliferation with RAPA loading
substrates. The results of in vitro SMC proliferation generally correlate

3.7. The eﬀect of Mg degradation on RAPA stability
Rapamycin (RAPA) is a natural macrolide immunosuppressant with
a structure of a 31-membered macrocycle with 15 stereocenters and
multiple functional groups [41], which tends to undergo hydrolysis in
acidic or alkaline environment [41,42]. The inﬂuence of Mg degradation on the chemical structure of RAPA in PBS containing 30 v/v% IPA
was evaluated in a period of 48 h with the use of HPLC. The
chromatographic proﬁles of RAPA in media containing bare Mg, FJDBM and 316 L SS samples are respectively shown in Fig. 8a–c. The
retention time of the RAPA peak was at around 9.0 min. With
increasing co-cultivation time, the area of the RAPA peaks decreased
whereas the intensity of peaks at around 2.5 min gradually increased,
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Fig. 5. Eﬀect of pH on RAPA release (a); the pH change of Group b1 and Group b2 (b) and eﬀect of H2 evolution generated from magnesium degradation on RAPA release (c) as described
in sec.2.6 b. Note that the drug release proﬁles are ﬁtted using Higuchi model.

proliferation on PRF-JDBM and PR–316 L SS, which had already been
pre-immersed in DMEM for 10 d prior to cell assays, were also studied
and evaluated. Fluorescence micrographs and the statistical analysis of
the live cell density in Fig. 10 revealed that a nearly equal number of
A7r5 cells were attached onto the PRF-JDBM samples (21 ± 2 cells/
mm2) as onto the PR–316 L SS (16 ± 2 cells/mm2) after 1 d of culture,
and the cells on both samples did not spread well. Nevertheless,
comparing the data of day 1 and day 3, diﬀerent proliferation rates
could be obtained between these two groups of samples. At day 3, the
density of A7r5 cells on the PR–316 L SS samples has doubled (34 ± 9
cells/mm2), while on the contrary, no signiﬁcant diﬀerence was
observed in terms of cell density on PRF-JDBM samples (22 ± 3
cells/mm2) as compared to day 1, suggesting a more potent long-term
inhibitory eﬀect of PRF-JDBM than that of PR–316 L SS.
Fig. 6. The H2 evolution proﬁles of F-JDBM, PF-JDBM and PRF-JDBM in c-SBF.

4. Discussion

well with the drug release data. The burst release of the drug-loaded
coating caused a high initial RAPA concentration, thus greatly inhibiting the cell growth in the ﬁrst few days.
Generally, the release of the anti-proliferative drug is preferred to
last over at least several weeks to suppress SMC proliferation, during
which suﬃcient drug concentration should be delivered [5]. However,
during the long-term course, the drug release slowed down dramatically following the initial burst release. Therefore, the long-term
inhibition on SMC proliferation worth our concern as well. In this
work, in order to eliminate the inﬂuence of the initial burst release, cell

The inspiring success of BIOSOLVE-I and BIOSOLVE-II trials [10,11]
of DREAMS and DREAMS 2G show a bright future of Mg-based DESs as
a superior alternative to the conventional permanent implants such as
316 L SS and CoCr alloys. In contrast to the passive metallic substrates,
it can be speculated that the magnesium degradation may play a certain
role in inﬂuencing the drug release kinetics and mechanism, the drug
stability as well as the anti-proliferation eﬀect of Mg-based DESs.
Nevertheless, so far, little investigation has been found to unravel this
issue. Therefore, in this study, we aimed to obtain an in-depth understanding of the in vitro eﬀect of magnesium alloy on the above issues, as
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Fig. 7. SEM micrographs of the coating surface during immersion test, (a) 0 d, (b)1 d, (c) 4 d, (d) 7 d, (e) 21 d, (f) 37 d and (g) 58 d of F-JDBM samples and (h) 58 d of 316 L SS sample.

Following burst release stage, drug release from PLGA is reported to
be mainly controlled by diﬀusion or by erosion (or degradation) of
PLGA polymer [40]. In this work, as shown in Fig. 3a, phase II of the
proﬁles is mainly controlled by diﬀusion. The diﬀusion-controlled
release proﬁle could be analyzed using a Higuchi model [44]:

well as the detailed mechanisms of inﬂuencing factors.

4.1. Factors contributing to the enhanced drug release
From the drug release data shown in Fig. 3a, the initial burst release
(phase I) observed for all the samples in the ﬁrst day could be
contributed to a certain amount of RAPA accumulated on the topmost
surface or drug molecules close to the of polymer coating easy
accessible by hydration [43].

Mt
= kt1/2
M0

(3)

where Mt/M0 represents the fraction of the drug released, t is the

Fig. 8. RAPA hydrolysis in media containing naked JDBM (a), F-JDBM (b) and 316 L SS (c) disks and the percentages of the RAPA remaining in the original chemical structure in media
respectively containing bare JDBM, F-JDBM and 316 L SS samples vs. immersion time, as calculated from the corresponding peak area of HPLC chromatograms.
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Fig. 9. A7r5 cell adhesion and proliferation on (a,d) NC group, (b,e) PF-JDBM, (c,f) PRF-JDBM samples after cultured for (a–c) 1 d and (d-f) 3 d; the scale bars represent 200 μm; and (g)
statistical analysis of the adherent live cells on diﬀerent samples. *p < 0.05.

respective roles of these two factors, were also ﬁtted and analyzed using
a Higuchi model, with the modeling results listed in Table 4.
Apparently, limited inﬂuence of pH on the burst release was
observed as shown in Fig. 5a. In the pH range of 7.4–9.7, the RAPA
release proﬁle was hardly aﬀected which could be attributed to the
hydrolysis mechanism of PLGA. Once PLGA directly contacts with
aqueous solution, it undergoes hydrolysis, which has been proven to be
catalyzed by acid or base. After a while, the hydrolysis of PLGA led to
the formation of pores and cracks in the polymer coating and also more
intermediate degradation products, mainly oligomers and monomers,
which typically have carboxylic groups. The degradation of the polymer
is generally assumed to be auto-catalyzed by the carboxylic acid end
groups accumulated inside the pores [45–47]. It was found that the pH
inside the pores of eroding anhydrides was between 4 and 5, far below
that of the bulk medium which was 7.4 [48]. Even lower pH in the
eroding polymer was observed for PLA and its copolymers, due to the
higher solubility and the low pKa compared with the poly(anhydride)
monomers [49]. Thus, higher pH of bulk solution accelerated the
hydrolysis of PLGA in the initial stage, resulting in a pH decrease inside
the polymer coating due to the generation of degradation products,
meanwhile the penetrated solution with a pH range of 7.4-9.7 could
neutralize the acidic degradation products in the microenvironment,
and thus the autocatalysis of carboxylic acid end groups on polymer

release time and k is a constant characteristic of the system.
The value of the diﬀusion coeﬃcient, D, can be calculated according
to the formula [44]:

⎛ D ⎞1/2
k = 4⎜ 2 ⎟
⎝ πl ⎠

(4)

where l is the thickness of the coating. Eq. (4) is valid for release of less
than 60% of the initial drug load, which is applied along with Eq. (3) to
calculate D value.
Table 3 presents the constant k of phase II ﬁtted using Eq. (3) from
the release proﬁles of both groups of DESs and the diﬀusion coeﬃcients
D obtained from Eqs. (3) and (4). F-JDBM stents exhibited signiﬁcantly
faster drug release (k = 11.2% day−1) than PR–316 L SS (k = 1.47%
day−1). Apparently, the distinctions in terms of drug release rate were
mainly attributed to the diﬀerent diﬀusion coeﬃcients D, with a value
of 2.05 × 10−14 cm2/s for 316 L SS DES, and 1.19 × 10−15 cm2/s for
F-JDBM DES, respectively.
Further studies have been performed to prove the detailed mechanisms at phase II. Based on the results illustrated in Fig. 5, the
improvement of drug release was corroborated to be caused by these
two possible factors: 1) alkaline environment and 2) H2 release
resulting from magnesium degradation. The drug release kinetics
proﬁles shown in Fig. 5a and c, which were designed to explore the
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Fig. 10. A7r5 cell adhesion and proliferation on (a,c) PRF-JDBM and (b,d) PR–316 L SS samples after cultured for (a,b) 1 d and (c,d) 3 d; the scale bars represent 200 μm; and (e)
statistical analysis of the adherent live cells, *p < 0.05. Note that prior to the cell assays, the samples had been immersed in DMEM for 10 days to eliminate the burst drug release.

chain cleavage might be hindered. An earlier study found the biodegradation rate of PLGA (with LA/GA ratio of 50/50) decreased and
reached a plateau in a basic medium (pH 9.24) whereas polymers in the
media of pH 5.0 kept degrading [50]. According to these previous
ﬁndings, it can be inferred that the hydrolysis of PLGA might not be
promoted in a weak alkaline environment with pH < 9.7. However,
Chu et al. demonstrated that at a higher pH level (pH = 10.09), PLGA
showed accelerated degradation than that in slightly acidic or neutral
media [51].
On the contrary, it is evident that H2 evolution imposed a prominent
role on the drug release kinetics (Fig. 5c), as the k value (10.37%
day−1) of Group b2 almost doubled that (5.61% day−1) of Group b1.
On one hand, accompanying with the release and diﬀusion process of
the generated H2 through the coating, the diﬀusion of RAPA could be
prompted simultaneously; on the other hand, the formation of H2
pockets, causing micro-scale bulges formed on the Mg substrate as
shown in Fig. 7, increased the surface area of polymer coating, which
could also facilitate drug diﬀusion according to Fick’s diﬀusion law.

Table 3
Results calculated from the phase II of RAPA release kinetics using Higuchi model.
Substrate

Period (days)

k (%/day)

R2

D (cm2/s)

F-JDBM
SS

2–33
2–63

11.2
1.47

0.992
0.994

1.19 × 10−15
2.05 × 10−17

Table 4
Calculated results of drug release kinetics aﬀected by pH and H2 evolution using Higuchi
model..
Eﬀect of H2

Period (days)

k (%/day)

R2

D(cm2/s)

Group b1
Group b2

2–36
2–36

5.61
10.37

0.987
0.991

2.98 × 10−16
1.02 × 10−15
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4.3. Short- and long-term anti-proliferative eﬀect on SMCs
Vascular smooth muscle cell is an important cell component of
neointimal hyperplasia, which has been reported to play a pivotal role
in the development and progression of in-stent restenosis following
vascular stent implantation [5,55,56]. Apoptosis of vascular smooth
muscle cells and inhibition of SMC proliferation is believed to eﬀectively alleviate neointimal hyperplasia and in turn reduce restenosis,
which may provide a solution to treat late restenosis.
In our study, corresponding to the drug release measurements, the
anti-proliferation eﬀectiveness of RAPA-loaded F-JDBM samples (PRFJDBM) on SMCs was also examined in vitro. The burst release of the
drug accumulated at the topmost surface of the PLGA coating led to a
high RAPA concentration in cell culture medium initially and therefore
signiﬁcantly inhibited adhesion and proliferation of smooth muscle
cells on PRF-JDBM samples in short-term test, as shown in Fig. 9.
Moreover, to investigate the long-term anti-proliferation, cells cultured
on PRF-JDBM and PR–316 L SS samples which had been pre-immersed
for 10 days in DMEM to eliminate the initial burst release showed
distinct adhesion and proliferation behaviours, of which the results
correlated well with the long-term drug release proﬁle. The drug-loaded
F-JDBM samples exhibited more signiﬁcant inhibition on the proliferation of SMCs. Correspondingly, from the drug release proﬁle shown in
Fig. 3a, it is obvious that from day 10 to day 13, the drug release rate of
PRF-JDBM is higher than that of PR–316 L SS, thus displaying superior
long-term inhibition of cell proliferation. Based on these in vitro
investigations, it could be inferred that the enhanced drug release
induced by the degradation of Mg substrate is likely to pose positive
inﬂuence on the in vivo eﬀectiveness in inhibiting intimal hyperplasia
and in-stent restenosis, thus it is worth more concerns on this issue.
It should be noted that the optimal drug release period of DESs
should be limited in 1–2 months, as the prolonged drug release is
considered to account for delayed re-endothelialization [57]. Another
concern is often paid to the local drug concentration, as SMC
proliferation could be eﬀectively inhibited only if the drug concentration is beyond a threshhold value [58]. Therefore, a suﬃciently high
drug concentration within a predictable time period is essential for
achieving favorable clinical eﬃcacy of DES treatment. For passive
materials, PLGA with higher erosion rate such as PLGA (50/50) of low
Mw can be used as the drug-carrier to obtain suﬃcient local released
drug concentration to eﬀectively depress the SMC proliferation. However, in the case of Mg-based DESs, the coating is designed not only to
be used as a drug carrier, but also as a barrier layer to suppress Mg
corrosion. Rapid erosion of coatings is supposed to lead to diminished
protection for Mg-based substrates. From this aspect, PLGA of a higher
LA content and high Mw, which is likely to appear slower erosion, is
more appropriate to be applied as the drug-carrier in magnesium-based
DES systems. Therefore, accelerated drug release from this type of
polymer coating with slower degradation rate is beneﬁcial to maintaining the SMC inhibition eﬀect in a relatively long period.

Fig. 11. An illustration depicting the possible eﬀects of Mg degradation on drug-loaded
PLGA coating that promote drug diﬀusion.

At phase III of F-JDBM DESs, the linear release proﬁle revealed that
this phase was controlled by a combination of diﬀusion and erosion of
PLGA which was found to occur after 37 days of immersion in PBST
(Fig. 7f). Many factors can inﬂuence PLGA erosion, for instance,
overhigh local pH (> 10) and the damaging of H2 when diﬀusing
through the coating are both expected to speed up the degradation of
PLGA. Besides, as reported by Chen et al., the products at the interface
between the substrate and the coating could react with the coating and
also accelerate the degradation of PLGA [52]. Moreover, the ﬂake-like
corrosion products in this work caused physical damage to PLGA, which
is also considered as an inﬂuencing factor.
Based on the above analyses, a mechanism about the eﬀect of
magnesium alloy on drug release was proposed as depicted in Fig. 11.
At phase II, H2 release greatly enhanced the drug diﬀusion coeﬃcient
throughout the drug release while the inﬂuence of pH on the drug
release appeared subtle, while at phase III, all factors inﬂuencing the
PLGA degradation posed an integrated eﬀect on the drug release.
By contrast, as for the passive 316 L SS DESs, as neither H2 nor
alkaline environment was generated, accordingly it presented poor
drug release proﬁle in terms of both release rate and accumulative
release amount, as compared to biodegradable Mg-based DESs.

4.2. The eﬀect of magnesium degradation on RAPA stability
The ring cleavage that RAPA can undergo in various conditions
could result in ring-opening derivations lacking the macrocycle, which
extremely deteriorates the immunosuppressive eﬀect of RAPA [41].
Therefore, apart from RAPA release kinetics, the chemical stability of
released RAPA also plays an important part in the anti-restenosis eﬀect.
According to the drug stability results shown in Fig. 9, the degradation
of Mg alloy has caused certain changes in the chemical structure of
RAPA molecule, attributed to the alkaline environment as illustrated in
Fig. 3b. Previous studies have demonstrated that the hydrolysis of
RAPA is a base or acid catalyzed process [42,53,54], and thus tends to
be sensitive to the pH change, which could lead to ring fragmentation
and degradation. In contrast to passive substrates, in medium containing bare JDBM, due to the basic environment resulting from magnesium
degradation, the hydrolysis of RAPA could be elevated, and a signiﬁcantly smaller portion of RAPA (∼44%) maintained the original
chemical structure as compared to 316 L SS (∼63%). While for FJDBM, thanks to the protective MgF2 layer which mitigated magnesium
corrosion, its adverse inﬂuence on the chemical stability of RAPA was
largely alleviated, presenting a similar stability (∼58%) feature
compared to 316 L SS (Fig. 9). According to the above analysis, proper
control of magnesium degradation is imperative, e.g. with additional
protective coating, thus reducing the overhigh pH and preventing from
the disruption of the RAPA structure, and consequently would be
advantageous to suppressing the proliferation of SMCs.

5. Conclusion
The drug release kinetics of biodegradable RAPA loaded Mg-Nd-ZnZr alloy based DESs were studied comprehensively in a phosphate
buﬀer system in comparison with passive 316L SS DESs, as well as their
distinct anti-proliferative eﬀects on the smooth muscle cells. The
following conclusions could be obtained from this systematic investigation:
1. The degradation of magnesium alloy substrates greatly accelerated
and improved the in vitro drug release kinetics.
2. The enhanced in vitro drug release kinetics was distinguished to be
mainly caused by hydrogen evolution and corrosion product produced during the corrosion of the Mg-based substrate through
promoting RAPA diﬀusion, while weakly alkaline pH barely aﬀected
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the RAPA release.
3. The RAPA-loaded magnesium alloy samples exhibited more pronounced long-term inhibition on the proliferation of SMCs as
compared with drug-loaded passive substrate (316 L SS).
However, it should be noted that this study was mainly carried out
in phosphate buﬀered saline, whose composition greatly diﬀers from a
true bioﬂuid system, thus there is a limitation to relate the ﬁndings here
directly to in vivo conditions which are worth further investigation.
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