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ABSTRACT
The impact of magnesium degradation on Everolimus release from WE43/PLLA
nano-hybrid stent was compared with cobalt-chromium L605 alloy. Effect of
Mg degradation on drug release from WE43/PLLA was much higher than from
L605/PLLA. SEM, UV-VIS, FTIR, pH measurement, and H₂ evolution tests
determined the hybrids’ property-change and drug release rate. Hydrogen
evolution caused by magnesium degradation compelled Everolimus out without
significant PLLA decomposition during the first 100 days, while Mg(OH)2
formation caused PLLA shape change and cracking. A combined lattice/hole
diffusion-dissolution mechanism governed the Everolimus release with the
activation energies of 5.409 kJ/mol and 4.936 kJ/mol for the first 24 h and
diffusion coefficients 6.06 × 10−10 and 3. 64 × 10−11

cm2
s

for the 50th to 100th

days. The prolonged suppression of the hyperplasia within the smooth muscle
cells by hybrid stent insertion could bring about restenosis cessation. As a result,
implanting magnesium alloy stent in patients suffering from coronary artery
problems and COVID19 can be more useful than current stents.

Key Words: Magnesium; Nano-hybrid; Coronary stent; Degradation;
Mechanism; COVID-19
1. Introduction
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One-third of all deaths in industrialized and high-stress countries are due to
coronary artery atherosclerosis, and almost all older people have at least some
coronary artery disease [1]. Drug eluting Stents (DES) are used in (Percutaneous
Coronary Intervention) PCI for the prevention of restenosis [2]. L605 is an
inactive stent alloy, resistant to corrosion with good mechanical strength. Orsiro
is an L605 stent made by Biotronik Company (Germany). It has a base metal
(cobalt-chromium) coated with an amorphous silicon carbide layer and then poly
lactic acid (PLLA) as a carrier for Sirolimus [3]. PLLA is a semi-crystalline
biodegradable polymer degraded in 3 steps and is metabolized to CO2 and H2O
[4]. For this reason, it is widely used as a drug carrier in drug delivery and
scaffolding for tissue engineering and drug-carrier and coatings for stents and
other similar implants [5,6].
Corrosion-resistant DESs have, however, some problems. They limit the normal
blood flow and cause an inflammatory reaction of neointima, leading to an
immunological reaction, hyperplasia, and restenosis [7]. DES interfere with
future surgical revascularization and their antiproliferative agent suppresses the
vascular smooth muscle-cells hyperplasia and therefore results in late in-stent
thrombosis [8].
Bioresorbable stents can overcome the problem by providing a temporary
framework which then disappears in to the bloodstream. They eliminate the lateblockage side-effect and reduce neointimal hyperplasia, resulting in eliminating
late in-stent restenosis [9,10]. The Mg stent in-vivo tests and clinical trials have
proved feasibility, biocompatibility, and anti-thrombogenic property [11,12].
While maintaining the mechanical strength in the arterial vessel, Mg gradually
degrades in the aqueous media and produces hydrogen and magnesium
hydroxide. Magnesium hydroxide is insoluble in water, and unstable in contact
with anions and acidic media. The Mg decomposition can change the Mg2+
concentration, pH, and H2 partial pressure [13].
Excellent properties such as slow degradation in aqueous solution and good
electrochemical properties in addition to excellent mechanical strength make the
WE43 (Mg-alloy) a suitable choice for use as a cardiovascular implant [14,15].
An example is Magmaris (Biotronik Co., Germany) ballon expandable stent
made of WE43 [16,17]. Its surface is completely coated with 7µm biodegradable
PLLA containing Sirolimus (BIOlute) [17].
Although Magmaris clinical trials with BIOSOLVE II and BIOSOLVE III
exhibited biosafety, efficacy, no death, and no apparent thrombosis [18], Mg
degradation effect on drug-release remains an unknown question. More research
is, hence, needed to legitimize the replacement of current stents with Sirolimus
containing WE43-PLLA. The most challenging issue is high rate of degradation
and local corrosion, which may lead to premature loss of strength and failure
[19,20].
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Sirolimus side-effect is another concern. A widely used an anti-restenosis agent,
Everolimus, is pharmacokinetically better than Sirolimus, with less side-effects,
good stenosis prevention, smooth muscle cell proliferation inhibition, and
antiproliferative and immunosuppressive effects [21].
Everolimus was, therefore, a good choice for adding to the PLLA for coating on
the WE43 substrate. This stent together with L605 alloy (control sample) was
used this research. Calculation of drug release from WE43/PLLA and
L605/PLLA stents revealed both the dominant mechanisms and the Mg
degradation effect. All coatings had similar composition, thickness, and drug
content.
2. Materials and Methods
WE43 was used as the substrate, and L605 as the control specimen. PLLA
(Analytical Grade) with average weight of ~100,000 g/mol (Cas No: 33135-501) by Sigma-Aldrich, USA, Everolimus (Evero> 98%, CAS Registry No:
159351-69-6) of Cayman CHEMICAL (USA), Chloroform, SBF distilled water,
and acetone (Iran), Ethanol and Hydrofluoric Acid, 40 wt.% (Sigma-Aldrich,
USA), and NaOH, analytical grade (Merck, Germany) were used in the study.
The specifications of the materials are illustrated in Table 1.
Table 1: Chemical composition of WE43, L605 (wt %), and SBF (g/L) used at
pH=7.4 and T= 37 ºC.
WE43

L605

SBF

Yttrium

Rare Earths

Zirconium

Magnesium

3.7-4.3

2.4-4.4

0.4 min

Balance

Cr

W

Ni

Fe

Mn

Si

C

S

P

20

15

10

Max 3

1.5

Max 0.4

0.1

Max 0.03

Max 0.04

NaCl

KCl

CaCl2

K2HPO33H2O

Na2CO3

Na2SO4

MgCl26H2O

Tris

8.03

0.23

0.29

0.23

0.53

0.07

0.31

6.07

A grating device by Jean Wirtz (Germany) , Digital electronic scale (AND GR200), pH meter (DENVER INSTRUMENT (USA)), UV / VIS
spectrophotometer (Germany) Analytik Jena SPECORD S600 SOFTWARE:
WinASPECT®), Optical Microscope (OLYMPUS BX51 (JAPAN)), Laboratory
Vacuum Hood (Laboratory Standard), SEM (LEO, Model: 1455VP, (Germany)
and Agitator were used in the study.
Discs (ϕ14 × 4mm) were cut from L605 and WE43 alloys. They were polished
with SiC papers in three steps and then aluminum oxide to a final level of 2000
grit, washed with distilled water, acetone, and ethanol, and then dried with hot
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air. WE43 disks were treated with hydrofluoric acid for 10 h to form a protective
MgF₂ layer with a thickness of approximately 1μm for slowing down the
corrosion rate and better adherence of PLLA on surface. They were called FWE43. The underside and perimeter of the specimens were carefully covered
with a waterproof varnish. Their other surface was coated with PLLA (called
PF-WE43) and PLLA/EVRO nanohybrid (called PEF-WE43).
PLLA/EVRO was produced by the solvent casting method which comprised of
dissolving the polymer into chloroform and the drug into ethanol and then
mixing the two thoroughly by a stirrer. To coat the discs, we took 0.3 ml of the
homogenized solution and applied to surfaces of the F-WE43 and L605 discs.
The coated area was 154 mm² and the drug dose was 1.46µg/mm² (equivalent to
standard stent), and the amount of drug in each specimen was 225µg. The
samples were dried in a chemical hood for 36 h to achieve a similar coating
thickness. All coated discs were then transferred to a vacuum chamber for
further drying for 50 h. Figure 1 illustrates the PLLA layer, the F-WE43 and
L605 specimens called PE-L605 and PEF-WE43 after coating with PLLAEVRO nanohybrid layer, and the schematic condition of the layer during
degradation.

(A)
(B)
(C)
Figure 1: (A) Polymer-drug on a substrate, (B) PEF-WE43 and PE-L605
samples, and (C) the Mg degradation effect on the PLLA/EVRO layer.
For in-vitro release experiment, the specimens immersed in two separate
containers having 10 ml of the simulated body fluid (SBF) for (a) 24 h at 1, 28,
and 65°C, and (b) 100 days at the room temperature. UV-Vis spectrometer
measured the Everolimus released content. The volume of the solution was kept
constant by adding the same amount every time taken.
During the100-days release-tests, at each sampling stage, the solution pH was
measured and recorded. A specimen of Mg alloy without polymer coating (FWE43) was used separately as a control sample.
H₂ evolution and mass loss measurements (ASTM G1-90) from F-WE43, PFWE43, and PEF-WE43 at 1, 28, 65ºC in the SBF indicated the amount of
4

produced hydrogen due to the Mg degradation. The discs were separately
immersed into the SBF which was capped with a glass funnel to collect the
gradually evolved hydrogen (Figure 2A). A scaled portion filled with the
solution showed the gas volume. Figure 2B indicates the pH change due to the
Mg degradation.
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12
11
10

PH

9
8
7
6
5
0

20

40

60

TIME(DAY)
PE-L605 PEF-WE43

80

100

120

F-WE43

(B)
Figure 2: (A) Hydrogen evolution, and (B) pH media change of PE-L605, PEFWE43 and F-WE43 due to the magnesium degradation during 100 days of
immersion in the SBF.
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The surface composition of a polished and four corroded WE43 specimens after
immersion in the SBF for 2, 30, 50, and 124 h were determined by ATR-FTIR
instrument. The X-ray diffraction pattern of the samples before and after 30 days
of immersion was also obtained.
The effect of magnesium degradation on the metal-PLLA interface was
investigated by immersing PEF-WE43 and PE-L605 specimens separately into
10 ml of SBF (pH = 7.4) for different durations. The solution was renewed
regularly in each container. After immersion, the specimens were taken out,
washed thoroughly with deionized water, and dried in a vacuum chamber. The
PLLA surface morphology on both L605 and WE43 substrates and coatless
WE43 were compared using an optical and a SEM instrument.
3. Results
Best-fit model calculations determined the release mechanism and activation
energies of the involved processes below 65ºC. Because of the polymer-glass
transition at 63ºC, the degradation of magnesium substrate accelerated at 65ºC
and violent hydrogen evolution occurred. Above 63ºC, separation of the
polymer coating from the surface of the metal substrate started.
Figure 3A shows three distinct phases in both specimens:
1. Fast release in the first 24 hours, which continued until the third day,
2. Slow release from the third day to the 43rd day, and
3. Quasi-linear release from 50th to 100th day.
The PEF-WE43 specimen showed a significantly higher release rate than the
PE-L605 sample. The full PEF-WE43 release was approximately 54%, while
that of PE-L605 was only 24.8%. This difference indicated the significant effect
of Mg substrate degradation. The cumulative Everolimus release during the first
24 h is shown in Figure 3B.
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Figure 3: Cumulative Everolimus release from: (A) PE-L605 and PEF-WE43
during 100 days, and (B) PEF-WE43 and PE-L605 in the first 24 hours of
immersion at 1ºC, 28ºC and 65ºC.
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Changes in the media pH were monitored during the drug release process
(Figure 2B). A magnesium alloy specimen without polymeric coating was used
as the control specimen. For PEF-WE43, the pH had an oscillatory trend:
• rising from 7.4 to 9.1 in the first 20 days
• lowering to 8.7 on the 25th day
• reaching 9.1 on the 29th day
• decreasing to 8.8 on the 50th day
• increasing to nine on the 62nd day, and
• finally reducing to 8.8 on the 100th day.
The magnesium alloy degradation products raised the pH, and then the pH was
slightly adjusted by local hydrolysis of the PLLA, which led to the release of
acidic products.
In the PE-L605 stent specimen, the pH decreased slightly, with a shallow slope,
and finally reached 6.8 at the end 100th day. This decreasing pH was attributed
to the slow hydrolysis of PLLA, which produced intermediates resulting from
decomposition with some acid-base functional groups, such as carboxylic
groups, so the pH decreased slightly.
In F-WE43 (control specimen), the pH increased to 10.2 on the 20th day due to
the magnesium hydroxide production. Then the downward trend took place and
reached 9.4 on the 38th day. The pH increased and reached 10.1 on the 80th day.
At the end of the 100th day, the pH reached 9.9. These changes were due to the
magnesium's corrosive nature and the formation and dissolution of the protective
coating layer. Due to the lack of PLLA coating, acidic products did not appear in
this specimen, so no slight decrease in the pH was observed.
As a typical polymer coatings application for the protection of magnesium and
its alloys, PLLA improves corrosion resistance and biocompatibility. However,
the interaction between the polymer and the substrate magnesium alloy and the
hydrogen gas produced by the degradation process often affects and weakens the
protective effect of the coating. Therefore, new strategies to improve polymer
coatings' performance are essential in the development and clinical application
of magnesium-based implants. Relatively high corrosion rates of magnesium
alloys are observed in in-vivo and SBF. This high rate of corrosion is attributed
to magnesium levels' inability to passivate naturally in chloride-containing
aqueous solutions at physiological pH levels and the effect of other invasive ions
such as phosphates, sulfates, and carbonates. Magnesium alloys are susceptible
to corrosion due to their galvanic activity among their significant constituents.
These compounds include the initial phase α, the α-reactive phase, the β phase,
and the alloying elements. Corrosion attacks often involve:
• galvanic coupling between the anodic and cathodic regions,
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• resulting in the preferential dissolution (anodic) of the Mg matrix (phase
α),
• leading to attenuation and secondary phase particles and the cathodic
reaction with water.
In magnesium corrosion, small holes are formed on the surface and gradually
spread throughout the surface, but due to the natural and inherent limitation of
local corrosion, magnesium does not tend to form deep cavities. Mg corrosion's
general formula shows that the decomposition of a magnesium atom in aqueous
media produces a hydrogen molecule. Therefore, the results of the cathodic
reaction mainly lead to the gradual production of hydrogen. The measured
volume of hydrogen gas is equivalent to the mass loss of magnesium. The
immersion test is performed according to the following equation.
𝑀𝑔 + 2𝐻2 𝑂 → 𝑀𝑔+2 + 2(𝑂𝐻 )− + 𝐻2(𝑔) ↑
(1)
Thus one mole of Mg consumed (24.31 g) produces the equivalent of one mole
of H₂ gas (22.4L). Production rate of H₂ (VH ml/cm²/day) is related to the rate of
Mg weight loss (∆𝑤) [22,23].
∆𝑤 = 1.085 𝑉𝐻
(2)
Therefore, from the recorded results and the above formula, the amount of mass
loss in the specimens was calculated and given in Table 2. Figure 4 compares
mass loss and hydrogen release from different samples at various temperatures.
As can be seen, the uncoated specimen has a higher corrosion rate than the two
coated specimens.
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Figure 4: Mass loss (A, C, E) and hydrogen release (B, D, F) from different
specimens at 1, 28, and 65ºC, respectively. (G) Mass loss diagram of PEFWE43 specimen at 1, 28, 65ºC.

12

Table 2: Mass loss (mg) of three specimens at different temperatures in 250 h
(Initial weight of each specimen averages 1.11g).
Specimen

F-WE43

PF-WE43

PEF-WE43

1 °C

3.60

2.40

2.20

28 °C

4.43

2.61

2.41

65 °C

5.30

4.30

4.00

The spectrum shown in Figure 5A indicates the presence of phosphate and
carbonate anions in the corrosion layer. Phosphate adsorption bands are 1030
cm−1 and 580cm−1 . Tensile peak of 1485cm−1 , vibrational peak of 1430cm−1
and bending peak of 850cm−1 belonging to CO3−2 ions are observable. The peak
at 1600cm−1 shows the flexural vibrational fashion of water molecules and the
hydrated layer. The peak at 710cm−1 corresponds to OH − . The peak at 470cm−1
in the control specimen could be applied to the Mg-O tensile-vibration band.
MgO has therefore formed in the sample. The presence of wide peaks of
𝑃𝑂4−3 and 𝐶𝑂3−2 indicates the adsorption properties of the bands, creating a weak
carbonate-apatite crystal on the specimen surface. A decrease in the amount of
peak size of 𝑃𝑂4−3 at 600cm−1 after one hour accompanied with an increase in
the flexural vibration peak of water at 1600cm−1 shows the formation of
hydrated apatite. At 124 hours, a decrease in the flexural-vibrational band of
water and 𝐶𝑂3−2 is observed. This change may be due to the decrease in the
concentration of 𝐶𝑂3−2 in the solution due to the release of CO₂ into the
atmosphere. Therefore, the equilibrium changes towards dissolving of the
carbonate layer.
A
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C

B

Figure 5: (A) ATR-FTIR spectrum of WE43 magnesium alloy immersed in SBF different
times showing the presence of functional groups, carbonates, and phosphates. A polished
WE43 specimen was used as the control specimen. (B) X-ray diffraction pattern of WE43
alloy before immersion, and (C) XRD analysis of corrosion products of WE43 alloy
immersed in SBF after 30 days.

The XRD pattern for WE43 alloy shown in Figure 5B. Figure 5B shows the
presence of α-Mg, 𝑀𝑔24 𝑌5 and 𝑀𝑔41 𝑁𝑑5 in the produced layer. This layer also
consists of Mg12 (RE) and Y-rich phase. These phases have positive potentials
relative to the magnesium matrix, so they act as sites for production of hydrogen
by the cathodic half-reaction of the corrosion. In addition, the rare earth
elements in the WE43 alloy play a role in removing impurities (such as Fe, CL,
S, O, H). This phenomenon can change impurities in the alloy from the state of
the material in solution to intermetallic compounds. This phenomenon helps
increasing the corrosion resistance.
During the WE43-SBF immersion test, severe corrosion with large cavities and
cracks occurred. As the immersion time increased, all alloys were severely
degraded and the surface of WE43 alloy was covered with a large amount of
corrosion products. The surface was severely damaged and a large number of
superficial holes were formed. When the mass loss test was completed, the
corrosion products were collected from the alloy surface by a stainless steel
knife. XRD analysis shown in Figure 5C indicates the corrosion products after
30 days of immersion in SBF. Mg(OH)₂, the main product of corrosion, was on
the magnesium alloy. In WE43 alloy, MgO₄, MgCl₂ and Y₂O₃ can be present in
the product phase, too. The oxidized Y bond at the surface of the coating film
and the Y-rich region in the matrix could both effectively delay the
biodegradability of the magnesium alloy [24].
Figure 6A shows a blister created by H2 accumulation inside the PLLA coating
after 6 days of immersion into the SBF. The blister grows to reach the size seen
in Figure 6B and then bursts. The burst causes severe local damage to the drugcontaining polymer coating, increasing EVRO expulsion. In the SEM images,
14

on the first day after immersion of the specimen (Figure 6C), a gradual
deposition of SBF-soluble salts on the surface was observed. However, the
coating was still intact. On the twentieth day of immersion (Figure 6D), large
blisters of various sizes were present on the cover plus sediment. Existence of
these blisters were due to penetration and passage of SBF through the polymer
coating toward the substrate to cause the magnesium-water reaction for
hydrogen and magnesium hydroxide production. Hydrogen has a high diffusion
rate and evolves to the environment. Due to the semi-crystalline nature, the
coating traps some hydrogen, which causes blistering. In other words, the
formation of hydrogen bags causes microscale swelling of the coated Mg
substrate. The increased surface area of the polymer coating can facilitate
penetration according to the Fick’s law of diffusion. The magnesium hydroxide
produced causes localized scaling.

A

B
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Figure 6: Blisters (A) formed by hydrogen bubbles inside the PLLA due to the magnesiumwater reaction under the layer after six days (100x magnification), and (B) partial destruction
of the coating after 14 days (100x magnification). And SEM micrograph of the WE43-PLLA
specimen immersed in SBF for: (C) one day, (D) 20 days, (E) 30 days, and (F) 40 days. (G)
L605 coating surface after 40 days immersion. (H) SEM micrograph of the cross section of
the PLLA coating. (I) Corroded surface of WE43 magnesium alloy immersed in SBF for 30 h.
(J and K) SEM image of the corrosion products on the PLLA coating of WE43 sample
immersed for 20 days in SBF. The geometric shape and volume of the corrosion product show
physical damage to the PLLA. It is, therefore, well suited to release the drug.

4. Discussion
Four stages can be considered to explain the Everolimus release mechanism:
(1) drug transfer in the PLLA solid phase,
(2) pore diffusion in the blistered PLLA layer,
(3) drug dissolution at the polymer-SBF interface, and
(4) convective Everolimus transfer into the bulk liquid away from the
interface.
From the above separate steps, (1) and (2) are parallel; while (4) consecutively
occurs after (3) which happens next to (2) or (1). Assuming a well-stirred
solution, the forth step becomes insignificant. Step (3) is considered a first order
isothermal reaction represented by a dimensionless time 𝒈𝑭𝒈 (𝑿) = 𝑿 in which X
is the fractional release defined by:
𝑿=

𝒅𝒓𝒖𝒈 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅 𝒎𝒂𝒔𝒔

(3)

𝒐𝒗𝒆𝒓𝒂𝒍𝒍 𝒍𝒐𝒂𝒅𝒆𝒅 𝒅𝒓𝒖𝒈

The overall (1-2) transfer steps are considered by the quadratic term 𝑷𝑭𝒈 (𝑿) =
𝑿𝟐 adopted from the well-established shrinking-core unidirectional flat system
comprising a first order reaction in series with internal diffusion [25]:
𝒕∗ = 𝒈𝑭𝒈 (𝑿) + 𝝋𝟐𝒈 𝑷𝑭𝒈 (𝑿)

(4)

In which 𝒕∗ is the overall dimensionless time of the whole release process, 𝒈𝑭𝒈
is the dissolution part, and the 𝑷𝑭𝒈 is the internal diffusion share. The term 𝝋𝟐𝒈
16

called Thiele modulus is a cognation factor for the diffusion term summation
with the dissolution duration [26]. Adaptation of the test data during the first 24
hours showed that drug dissolution was a controlling step at all three
temperatures. Figure 7 shows the best-fit curves for both PEF-WE43 and PEL605 samples during the first 24 hours of immersion. The activation energies for
Everolimus dissolution into the SBF were determined from the Arrhenius
Equation:
𝑄

𝜏 = 𝜏0 𝑒 𝑅𝑇

(5)

Where τ is the total conversion time, Q is the activation energy, R is the ideal
gas constant, and T is the absolute temperature. The activation energy for the
PEF-WE43 sample was 5.409 kJ/mol, while for the PE-L605 sample, it was
4.936 kJ/mol. These values are in agreement with the previously reported drug
dissolution activation energies [27,28]. Calculated results for 24 hours drug
release from the synthesized samples are summarized in Table 3.
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Figure 7: Comparison of the experimental release data (geometric shapes) with
the model results (lines) for (a) PEF-WE43, and (b) PE-L605 samples during the
first 24 hours of immersion.

Table 3: Best-fit results for 24 hours drug release from the synthesized samples.
Temperature

𝜏 (ℎ)

Dissolution Correlation

(Cº)

PEF-WE43

PE-L605

PEF-WE43

PE-L605

1

X=0.0049t

X=0.0049t

204.08

204.08

R²=0.9895

R²=0.9881

X=0.0063t

X=0.0065t

153.84

158.73

R²=0.9804

R²=0.9874

X=0.0077t

X=0.0074t

129.87

135.14

R²=0.9974

R²=0.9965

28
65

Q (J/mol)
PEF-WE43

PE-L605

5409

4936

Matching the drug release data of PEF-WE43 for times between 4 and 43 days
show a mixed control dissolution-diffusion mechanism with the equation given
in the first row of Table 4. For the period between 50 and 100 days, the data
indicates a mere diffusion control for PEF-WE43 sample. However, the
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governing mechanism for PE-L605 after day 4 is mere diffusion with
relationship constants given in Table 4.
Table 4: Best-fit kinetic data for drug release from the synthesized samples.
Time range
Determination
Sample
Governing Correlation
Coefficient (R²)
(day)
4≤ 𝑡 ≤ 43

PEF-WE43

50≤ 𝑡 ≤ 100
4≤ 𝑡 ≤ 43

PE-L605

50≤ 𝑡 ≤ 100

𝑡
= 𝑋 + 0.1𝑋 2
136.99
𝑡
= 𝑋 2 − 0.1979
1000
𝑡
= 𝑋 2 − 0.0275
1666.67
𝑡
= 𝑋 2 − 0.0542
1666.67

0.9952
0.9773
0.9971
0.8537

From the total conversion times (𝜏𝑑𝑖𝑠 ) inserted in the governing correlations of
Table 5, one can obtain the internal diffusion coefficients from Equation (6):
𝜏𝑑𝑖𝑠 =

𝜌𝐿2

(6)

𝑏𝑘𝑑𝑖𝑠 𝐶

Where 𝜌 is density, L is the layer thickness, b is the stoichiometric constant
(considered one, here), 𝑘𝑑𝑖𝑠 is the dissolution rate constant, and C is the drug
composition of the sample-SBF interface. The calculated values of the diffusion
coefficients are given in Table 5.
Table 5: Calculated results of drug release kinetics.
D (cm²/s)

50-100

𝜏𝑑𝑖𝑠 (day)

50-100

16667

3. 64 × 10−11

Specimen

Period (days)

PEF-WE43
PE-L605

1000

6.06 × 10−10

The lower total conversion time of PEF-WE43 than PE-L605 indicates the
degradation effect of Mg. The diffusion coefficient of PEF-WE43 is thus higher
than PE-L605 due to faster transfer in the blistered layer. The
dissolution/diffusion mechanism change from PEF-WE43 to PE-L605 indicates
the latter’s slower drug transfer due to the dense/non-blistered PLLA on PEL605. The dense/non-blistered PE-L605 has a lower diffusion coefficient than
PEF-WE43 at longer times. The intensification of the drug release in the PEF19

WE43 is due to three factors: alkaline environment, H₂ evolution, and corrosion
products. While the evolution of H₂ has a significant consequence on increasing
the drug diffusion rate, the effect of pH on drug release is small. The inactive
specimen (PE-L605) has neither H₂ evolution nor alkaline medium formation.
In the coated specimens, direct contact of the PLLA with the aqueous solution
causes the hydrolysis reaction catalyzed by the acidic or basic medium. The
hydrolysis leads to pores and cracks in the polymer coating and more
decomposition intermediates, mainly oligomers and monomers, which typically
have carboxylic groups. The decomposition of the polymer is generally
autocatalized by the carboxylic acid end groups collected in the cavities. It has
been found that the pH inside the cavities caused by the erosion of anhydrides is
between 4 and 5, while the areas far from the surface and inside the bulk are
around 7.4. Even lower pH has been observed in the erosion of polymers. For
example, for PLLA and similar polymers, a lower pH is observed due to higher
solubility and lower PKa compared to poly (anhydride) monomers. Therefore,
the higher pH of the solution accelerated the hydrolysis of PLLA in the first
step. As a result, due to the production of products resulting from pH reduction,
a decrease in the polymer coating was observed. In addition, a solution with a
pH range of 7.4-10 could neutralize the acidic products of the decomposition in
the micro medium and thus may prevent the autocatalysis of the final carboxylic
acid groups on the gap (opening) of the polymer chain. A previous study showed
that the biodegradation rate of PLLA was flattened in a medium alkaline
medium with pH = 9.24 (zero decomposition) while the polymer was
decomposed in media at pH = 5.0. Based on previous findings, it can be inferred
that PLLA hydrolysis in the play environment with pH <9.7 may not progress
[13].
From the amount of hydrogen produced from the three specimens, it is clear that
the production of hydrogen in the uncoated specimen was significantly higher
than the two coated specimens. This difference indicates that more magnesium
has reacted with the SBF, indicating greater exposure to the solution. It is
observed that the uncoated specimen lost a higher mass than the two coated
specimens. Nevertheless, the amount of mass lost in the two specimens is close
to each other. Therefore, it is clear that the use of PLLA coating can control the
corrosion rate of the substrate and the production of hydrogen gas. This process
will prolong the absorption of the implant in the body. Of course, this operation
needs to consider many parameters such as coating thickness, type of coating
technique, polymer concentration, polymer crystallinity, polymer purity, and
polymer-drug homogeneity.
The experiments showed that the loaded drug had little effect on substrate
corrosion. The PLLA served as a temporary absorbable protective coating and a
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suitable drug carrier. In addition to slowing down the corrosion rate and
controlling the drug release, the PLLA maintained the corrosion products
underneath the layer. This polymer was hydrolyzed in 24 months, but the
magnesium alloy decomposed in 12 months. The degradable Mg coating with
the PLLA was, therefore, proposed to avoid release of the metallic debris inside
the blood. This way, blood fluids could penetrate to the polymer and reach the
base metal to react with the Mg. Produced hydrogen diffuses through the
polymer layer and leaves the stent. By substrate decomposition, the PLLA
hydrolysis will also occur and the coating begins to degrade.

5. Conclusions
The EVRO release kinetics of biodegradable WE43 alloy based specimen were
studied in SBF system in comparison with the passive L605 specimen. The
following conclusions were obtained from the investigation:
1. In-vitro drug release kinetics can be increased by gradual production of
hydrogen and corrosion products formed during magnesium-based substrate
degradation. Hydrogen gas has a high transfer rate; so it helps the drug release
speed. Most magnesium corrosion products have a sharp-edge special shape that
cause physical damage to the PLLA coating and furtherance of the EVRO
release rate from the F-WE43 specimen. Effect of the weak alkaline pH was
negligible on the EVRO release peed.
2. Due to the greater release of the drug in the magnesium alloy specimen
loaded with EVRO, it is predicted that the magnesium base stent will be able to
prevent smooth muscle cell proliferation (SMCs) and restenosis for a longer
period of time compared to non-active substrates drug-loaded (L605).
3. The creation of an alkaline environment due to the destruction of the
magnesium substrate may affect the effectiveness of the drug. This effect is,
however, not severe.
4. In the first 24 h, the prevailing release mechanism is dissolution with an
activation energy of 5.409 kJ/mol for the coated WE43 specimen and 4.936
kJ/mol for the coated L605 alloy. By increasing the time, the release mechanism
tends gradually to convert to internal diffusion due to the difficulties arising
from lowering of the drug composition in the PLLA layer. The Everolimus
diffusion coefficient is 6.06 × 10−10
cm2

cm2
s

for the Mg based sample and 3. 64 ×

for the Co-Cr based sample during the period of 50 to 100 days from
10−11
s
the release start.
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5. In the Mg-based sample, the dominant release mechanism is dissolution until
the end of the fourth day; from the fourth day to day 43 mixed (dissolution +
diffusion) and then until the end of the 100-day period, it is mere diffusion. For
Co-Cr based sample, the mechanism during the first day is dissolution and then
until the end of 100-day, it is merely diffusion with a lower coefficient.
Many factors can affect PLLA erosion. At local pH > 10, a damage occurs by
H₂ plus Mg(OH)2. Both factors increase the rate of PLLA degradation and drug
diffusion. Intermediate products of the substrate react with the coating and
accelerates PLLA degradation. In addition, scaly corrosion products cause
physical damage to the PLLA, which effects the release rate.
6. Patients suffering from COVID19 experience a drastic decrease in their blood
oxygen content due respiratory damages. On the other hand, coronary arteries
diverging from trailhead inside aorta pump highest oxygen content into heart
muscles. As such, patients with heart coronary artery atherosclerosis are prone
to higher risk in case of suffering from COVID 19. Among the other reasons
contributing to this condition is the inadequate blood flow with low oxygen
content Consequently, suffering from MI and mortality rate will be on higher
among this group of patients.
We could demonstrate that magnesium stent has higher drug release than Co-Cr
stent. Therefore, it has more capability in preventing re-stenosis. Furthermore,
magnesium stent is bioabsorbable and is gradually resorbed in body and at the
same time, coronary artery vessel remains opened so that blood flow is restored
As a result, implanting magnesium alloy stent patients suffering from coronary
artery problems and COVID19 can be more useful than current stents.
It is noted that this study was performed mainly in SBF solution, the
composition of which is very different from a real dynamic biofluid system.
Many research centers and biomedical engineering companies are currently
working on the bioabsorbable stents. These activities include the development of
more biocompatible materials, ultrathin stents, Nanomedicine usage, and better
scaffold design to overcome existing limitations. We believe that bioabsorbable
stents based on magnesium alloy are the devices most associated with
innovation in coronary interventions and may ultimately lead to long-term
clinical benefits and ultimate success.
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Figures

Figure 1
(A) Polymer-drug on a substrate, (B) PEF-WE43 and PE-L605 samples, and (C) the Mg degradation effect
on the PLLA/EVRO layer.

Figure 2
(A) Hydrogen evolution, and (B) pH media change of PE-L605, PEF-WE43 and F-WE43 due to the
magnesium degradation during 100 days of immersion in the SBF.

Figure 3
Cumulative Everolimus release from: (A) PE-L605 and PEF-WE43 during 100 days, and (B) PEF-WE43 and
PE-L605 in the rst 24 hours of immersion at 1ºC, 28ºC and 65ºC.

Figure 4
Mass loss (A, C, E) and hydrogen release (B, D, F) from different specimens at 1, 28, and 65ºC,
respectively. (G) Mass loss diagram of PEF-WE43 specimen at 1, 28, 65ºC.

Figure 5
(A) ATR-FTIR spectrum of WE43 magnesium alloy immersed in SBF different times showing the presence
of functional groups, carbonates, and phosphates. A polished WE43 specimen was used as the control

specimen. (B) X-ray diffraction pattern of WE43 alloy before immersion, and (C) XRD analysis of
corrosion products of WE43 alloy immersed in SBF after 30 days.

Figure 6
Blisters (A) formed by hydrogen bubbles inside the PLLA due to the magnesium-water reaction under the
layer after six days (100x magni cation), and (B) partial destruction of the coating after 14 days (100x
magni cation). And SEM micrograph of the WE43-PLLA specimen immersed in SBF for: (C) one day, (D)
20 days, (E) 30 days, and (F) 40 days. (G) L605 coating surface after 40 days immersion. (H) SEM
micrograph of the cross section of the PLLA coating. (I) Corroded surface of WE43 magnesium alloy
immersed in SBF for 30 h. (J and K) SEM image of the corrosion products on the PLLA coating of WE43

sample immersed for 20 days in SBF. The geometric shape and volume of the corrosion product show
physical damage to the PLLA. It is, therefore, well suited to release the drug.

Figure 7
Comparison of the experimental release data (geometric shapes) with the model results (lines) for (a)
PEF-WE43, and (b) PE-L605 samples during the rst 24 hours of immersion.

