Chemical Engineering Journal 427 (2022) 131596

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Check for
updates

Preparation of photo-crosslinked aliphatic polycarbonate coatings with
predictable degradation behavior on magnesium-alloy stents by
electrophoretic deposition

Kai Pan?, Xiaojie Li %" Hui Shi?, Miao Dai?, Zhenyu Yang ", Maohua Chen ", Wei Wei?,
Xiaoya Liu™ , Yufeng Zheng“

@ Key Laboratory of Synthetic and Biological Colloids, Ministry of Education, School of Chemical and Material Engineering, Jiangnan University, Wuxi 214122, China
b Department of Cardiology, The Affiliated Wuxi People’s Hospital of Nanjing Medical University, Jiangsu Province, Wuxi 214023, China

¢ State Key Laboratory for Turbulence and Complex Systems and Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing
100871, China

ARTICLE INFO ABSTRACT

Keywords:

Biodegradable aliphatic polycarbonate coating
Magnesium alloy

Cardiovascular stent

Electrophoretic deposition

Magnesium-alloy stents (Mg-alloy stents), a new generation of bioabsorbable stents, are characterized by limited
surface biocompatibility and premature loss of radial support due to rapid and inhomogeneous corrosion. While
these disadvantages could be addressed by coating the stents with biodegradable polymeric material, most in-
vestigations have discussed the coating materials and coating technology separately without attempting to study
their combined effect. Since Mg-alloy stents possess a complex mesh tube structure, the facile preparation of
high-performance polymeric coatings without defects to control the excessive and inhomogeneous corrosion
remains challenging. In this paper, we report the fabrication of aliphatic polycarbonate (APC) coatings by
electrophoretic deposition (EPD) and subsequent photo-crosslinking to achieve corrosion resistance and surface
biocompatibility enhancement of Mg-alloy stents. The EPD method enabled the facile preparation of APC
coatings with a uniform surface, controllable thickness, and enhanced adhesion on AZ31 Mg stents. The photo-
crosslinking further enhanced the mechanical properties and durability of the coatings. The prepared APC
coating demonstrated a predictable surface-erosion behavior, resulting in homogeneous and slow corrosion of
AZ31 Mg alloy both in vitro and in vivo. The APC coating could not only effectively promote the adhesion and
proliferation of endothelial cells but also improve the hemocompatibility and histocompatibility of Mg alloy. This
study may offer a feasible and promising strategy for maintaining mechanical integrity and enhancing surface
biocompatibility of Mg-alloy stents and other Mg-alloy implants.

1. Introduction along with the vascular repair process [6]. This revolutionary stent has

the potential to eliminate the mentioned weakness posed by permanent

A cardiovascular stent consists of a small mesh tube and is used in the
treatment of coronary artery diseases as a reliable device, which is
implanted to reopen the occluded arteries after expansion [1]. Tradi-
tional permanent stents (including bare-metal stents and drug-eluting
stents, made of stainless steel, titanium alloys, etc.) will elicit foreign
body reactions [2] throughout a patient’s lifetime, which results in
chronic inflammation [3], in-stent restenosis [4], and late thrombosis
[5]. In the last two decades, a new generation of biodegradable stents
has emerged, which are expected to provide the initial necessary me-
chanical strength while spontaneously degrading and being absorbed
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stents [7]. Magnesium (Mg) alloys have been considered a promising
material for biodegradable stents [5,8] due to their biodegradability,
favorable biocompatibility, and superior mechanical property [9,10]. As
an essential substance for the human body, a Mg element intake of
240-400 mg/day is recommended for adults, and excessive Mg-cations,
Mg>*, can be excreted through kidneys [11,12]. However, since Mg is a
highly reactive metal (electrochemical potential of —2.37 V vs. SHE)
[13], most Mg alloys possess a fast corrosion rate accompanied by the
local release of excessive toxic ions and hydrogen gas (Hy) [14,15]. In
addition, Mg alloys exhibit inhomogeneous corrosion behavior due to
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the pitting corrosion that easily occurs in physiological environments
containing chloride ions [16]. The rapid and inhomogeneous degrada-
tion behavior of an implanted Mg-alloy stent would lead to local
toxicity, tissue damage, and especially the premature loss of mechanical
scaffolding support before full vascular repair [17,18]. Therefore, the
realization of a slow and homogeneous degradation of Mg alloys is still a
challenge for their application as stent material [19].

Although a few Mg alloys exhibit a relatively slow degradation rate
dependent on their alloy design [20,21], biodegradable polymeric
coating has been demonstrated as a more versatile approach to control
the corrosion behavior and improve surface biocompatibility for Mg-
alloy implants, due to the good biocompatibility, design versatility,
cost-effectiveness, and ease of process [22]. Earlier studies rarely
considered the degradation behavior of polymeric coatings, although it
directly influences the corrosion behavior of Mg substrates. For instance,
many reports indicated that commercially available polyesters, such as
poly(lactide-co-glycolic acid) (PLGA) and poly(L-lactic acid) (PLLA),
effectively enhanced the corrosion resistance of Mg-alloy implants
[23,24], and they also have been used as polymeric coatings on com-
mercial Mg-alloy drug-eluting stents [5,25]. However, after long-term
soaking in physiological media, polyester coatings are easily ruptured
and exfoliated due to their bulk-eroding property [26] and unsatisfac-
tory adhesion [27]. Furthermore, the acidic degradation products of
polyesters easily cause inflammation of surrounding tissues [28]. In
contrast, biodegradable aliphatic polycarbonates (APCs), especially poly
(trimethylene carbonate) (PTMC) and its derivatives, could be coating
candidates for Mg implants as they present as a unique surface-erosion
behavior the degradation from surface to the interior, which can pro-
vide sufficient protection of the Mg implants from the corrosive media
until their full biodegradation [29]. In addition, PTMC has been
approved by the US Food and Drug Administration (FDA) and forms
neutral degradation products which reduced the inflammatory tissue
response [30]. Considering the mentioned advantages, APCs are almost
tailored coating materials for Mg-alloy stents. The inhomogeneous and
fast corrosion behavior of Mg alloys can be controlled both in vitro and in
vivo by PTMC coating, and the corresponding surface bioactivity of Mg-
alloy implants was simultaneously improved [31]. In our previous study,
we crosslinked PTMC-based coatings via photo-induced “thiol-ene” re-
action, which improved the inherent PTMC drawbacks of poor me-
chanical stability and adhesion strength and resulted in a slower in vitro
erosion rate (2-3 pm per month after crosslinking) [32]. Moreover,
compared to the traditional photo-induced free radical polymerization,
the photo-crosslinked networks formed by the thiol-ene reaction could
be fully degraded, absence of potential non-degradable polymer cross-
links [33]. Therefore, the thiol-ene-crosslinked APC with predictable
degradation behavior may be a promising coating material for Mg-alloy
stents. Unfortunately, the tiny and complex mesh tube structure poses a
considerable challenge for constructing smooth, uniform, thickness-
controllable, and defect-free polymeric coatings on Mg-alloy stents by
conventional coating methods such as dipping, spraying, and layer-by-
layer assembly. Therefore, besides the coating materials, the coating
method is another major factor for surface modification of Mg-alloy
stents with an important contribution to coating efficacy.

In this work, we attempt to address the mentioned challenges by
combining APC coating materials with electrophoretic deposition (EPD)
coating strategy. EPD is a well-established coating preparation tech-
nique [34], in which charged colloidal particles move toward an
oppositely charged electrode under a DC electric field and deposit on the
electrode material and eventually form a coating by particles accumu-
lation [35]. The quality and thickness of the deposited coating can be
simply adjusted by the applied voltage, deposition time, and concen-
tration of colloidal particles [36]. The EPD method includes the ad-
vantages of short operation time, use of simple apparatus, fine-tunable
coating thickness, and the possibility of uniform deposition on substrate
of complex geometries [37-40]. Many researches have used naturally
occurring macromolecules to fabricate biocompatible coatings on Mg-
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alloy stents by the EPD method [41-44]. However, their hydrophilic
properties limited the corrosion resistance performance. We believe that
the combination of surface-eroding APC materials and EPD coating
technology will result in tailor-made biodegradable coating with
excellent corrosion resistance to effectively control the excessive and
inhomogeneous degradation of Mg-alloy stents. To verify our hypothe-
sis, we prepared a thiol-ene photo-crosslinked APC coating by the EPD
method on AZ31 Mg stents (Scheme 1). First, the cationic polycarbonate
P(MAC-DEAET-co-MAC-co-TMC) (PMDMT) was synthesized by post-
polymerization modification. Afterward, colloidal PMDMT particles
loaded  with the  crosslinker  pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) were obtained by a macromolecular
self-assembly method. Finally, the colloidal particles were deposited on
AZ31 Mg substrates (including sheets and stents) by cathodic EPD, and
the crosslinked APC networks were formed after UV irradiation. The
thickness control, adhesion strength, and surface morphologies of the
EPD coating method were systematically evaluated for the modification
of AZ31 Mg stents. The in vitro and in vivo corrosion behavior of the
coated Mg samples was examined, and the anti-corrosion mechanism of
the coating was discussed. The blood compatibility, in vitro endothelial
cell adhesion and proliferation, and in situ inflammation behavior were
assessed.

2. Results and discussion

2.1. Fabrication and characterization of photo-crosslinked polycarbonate
EPD coatings

The degradable cationic polycarbonate PMDMT was first synthesized
and characterized by 'H NMR spectroscopy and DMF gel permeation
chromatography (GPC) (Fig. S1, see supporting information). PETMP
was then loaded on the PMDMT colloidal particles by a self-assembly
method to afford CP@SH (Scheme 1b, Fig. S2), and colloidal particles
(CP) without PMDMT were also prepared as a control. Since both
CP@SH and CP possessed positive surface charge, they can be deposited
on the Mg substrate of the cathode in a DC electric field. The coating
thickness can be controlled by adjusting the concentration of colloidal
particles, deposition time, and EPD voltage. To avoid too thick coating
blocking the tiny bending parts of the Mg-alloy stent, the optimal EPD
conditions were determined (Fig. S3) to produce coatings with a thick-
ness of about 10 pm for further study (Fig. 1a). The chemical composi-
tion of photo-crosslinked CP@SH coating on AZ31 Mg (Mg-CP@SH) was
assessed by attenuated total reflection Fourier-transform infrared spec-
troscopy (ATR-FTIR, Fig. 1b) and X-ray photoelectron spectroscopy
(XPS, Fig. 1c). After modification by EPD coating, the Mg 2 s peak of the
AZ31 Mg substrate was absent, and new peaks related to S 2 s and S 2p
were observed. The quantitative sulfur content analysis results
(Table S1) indicated that PETMP crosslinker was encapsulated in the
colloidal particles and electrodeposited on the Mg substrate. The for-
mation of photo-crosslinked networks in the CP@SH coating was
examined by ATR-FTIR (Fig. 1b). The disappearance of the character-
istic peak at 1646 cm ! (allyl group) and the intensity decrease of the
absorption peak at 2560 cm ™! (thiol group) after UV treatment indicated
the presence of thiol-ene crosslinking.

The inadequate adhesion between polymeric coatings and Mg sub-
strate is an inherent drawback and impedes the corrosion protection of
coatings to a large extent. Hence, the adhesive strength of EPD coatings
was measured (Fig. 1d). To discuss the effect of the coating method on
adhesive strength, a coating prepared by the dip-coating method with
the same crosslinked APC structure as the CP@SH coating was used for
comparison (named PMDMT@SH coating). In comparison with the CP
coating, a significant increase of adhesive strength was observed in both
CP@SH and PMDMT@SH coating. The polar sulfide groups could
enhance the interaction between the coating and Mg substrate, and the
crosslinking improves the cohesive force of the coating material. As
expect, the Mg-CP@SH sample presented better adhesive strength than
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Scheme 1. Schematic illustration of stepwise fabrication of thiol-ene photo-crosslinked APC coating on AZ31 Mg stent by the EPD method: (a) synthetic route of the
cationic polycarbonate P(MAC-DEAET-co-MAC-co-TMC) (PMDMT), (b) the preparation of CP@SH colloidal particles, and (c) electrodeposition of CP@SH colloidal

particles on a Mg-alloy stent and photo-crosslinking via UV irradiation.

the PMDMT@SH coating, which may be attributed to an inherent
adhesion advantage of the EPD method for coating materials [37].

Compared to PMDMT@SH-coated stent, the CP@SH-coated stent
showed uniform and smooth surface morphologies (Fig. S4), indicating
that EDP was an efficient coating technology for metallic stents with
complex structure. During the surgical implantation, sufficient adhesion
and flexibility of the Mg-alloy stent coatings are very important because
the stents undergo severe deformation during balloon expansion. Once
the coating cracks due to the concentrated stress during expansion, the
protection by the coating will be lost and the Mg substrate will be
attacked by the surrounding physiological medium. To assess the per-
formance under such practical conditions, the adhesion and flexibility of
the CP@SH coating were evaluated by balloon expansion tests (Fig. S5),
and the morphology of the AZ31 Mg stents was examined by SEM
(Fig. 1e) especially in the bend area of the CP@SH-coated stent where
the stress is most concentrated [45]. After expansion, no signs of peeling
and spallation of the CP@SH coating from the Mg-alloy stent were
observed. In addition, as shown in high magnification SEM images of the
bend area, no microcracks were observed on the expanded surface
indicating excellent adhesion and flexibility of CP@SH coating. The
superior flexibility may be attributed to the formation of a soft, cross-
linked, APC network. In summary, the thiol-ene-crosslinked APC coating
exhibits a controllable thickness, uniform distribution, excellent flexi-
bility, and outstanding adhesion because of the combination of a ver-
satile EPD method and favorable coating material, which constitutes a
promising strategy for the design of Mg-alloy stent coatings.

2.2. Electrochemical test

The corrosion rate and behavior of different samples were analyzed
by an electrochemical assessment method in simulated body fluid (SBF).
The presence of coating increased corrosion potential (E.o) and
reduced corrosion current density (I¢orr) of the Mg substrate (Fig. 2 a-b).
Specifically, the Ecor (vs. SCE) of —1.70 V of the bare AZ31 increased to
—1.55 and —1.49 V for Mg-CP and Mg-CP@SH, respectively. The I o
values of the bare AZ31, Mg-CP, and Mg-CP@SH were determined as

1.53 x 1073, 3.59 x 107>, and 4.85 x 10~% A/cm?, respectively. The
results suggested that polycarbonate coatings generated by EPD protect
Mg alloy effectively from rapid corrosion at the early stage of immer-
sion. Due to the formation of cross-links, the anti-corrosion properties of
the Mg-CP@SH sample were further enhanced, which was confirmed by
the polarization resistance (R}) increase from 727.23 Q cm? (Mg-CP) to
4204.8 Q cm? (Mg-CP@SH). To visually evaluate the protective effect,
the corrosion rate (CR), calculated based on their corresponding Icorr,
was used to describe the corrosion rate of different samples. The Mg-
CP@SH sample exhibited a fairly low corrosion rate (0.11 mm/year),
which was not only lower than that of the Mg-CP sample (0.80 mm/
year) but also two orders of magnitude lower than that of AZ31 (34.20
mm/year). Therefore, one can conclude from these results that polymer
coatings truly enhance the corrosion resistance of Mg alloy due to the
isolation of Mg substrates from corrosive media; the formation of photo-
crosslinked polycarbonate networks further improves the isolation
performance, resulting in a large deceleration of the corrosion rate of the
Mg substrate.

To compare and evaluate the corrosion resistance of polymer coat-
ings, the corrosion characteristics of different samples were investigated
by electrochemical impedance spectroscopy (EIS) (Fig. 2c—e). In general,
a larger diameter of the capacitive loop, higher |Z| modulus at 107> Hz
(the lowest test frequency), and higher phase angle indicate better
corrosion resistance of Mg substrates. Compared to bare Mg (Fig. S6),
the capacitive loop attributed to the charge transfer process dramatically
increased after coating modification (Fig. 2c), indicating the enhance-
ment of corrosion resistance. The inductive loops of both bare Mg and
Mg-CP samples were related to the dissolution and pitting corrosion of
Mg substrate [46]. The results indicated that, although the application of
CP coating clearly increased the protection performance of Mg substrate,
it failed to prevent Mg dissolution. The inductive loop was absent on the
Nyquist plot of Mg-CP@SH, which indicated that CP@SH completely
inhibited the penetration of corrosive media, probably due to the
effective improvement of its stability and its function as a barrier after
the formation of polycarbonate networks. The |Z| value of Mg-CP@SH
(2.94 x 10° Q cmz) was far higher than that of Mg-CP (1.21 x 10* Q
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Fig. 1. (a) Control of coating thickness by EPD time (at EPD voltage of 40 V and colloid concentration of 15 mg/mL). (b) ATR-FTIR spectra and (c) XPS wide-scan
spectra of AZ31 Mg and coated Mg samples. (d) Adhesion strength for different coated Mg samples, referenced to the standard of ISO 4624-2016. (e) SEM images of
bare AZ31 Mg stent (top) and CP@SH-coated Mg stents before (middle) and after (bottom) expansion.

cm?) and bare Mg (1.02 x 10° Q em?) (Fig. 2d). Thus, the Mg-CP@SH
samples possessed excellent corrosion resistance, which conclusion
could also be implied from the increased phase angles in Fig. 2e.

Equivalent circuits (ECs) proposed for fitting AZ31 Mg, Mg-CP, and
Mg-CP@SH samples are shown in Fig. 2f, g, and h, respectively [47,48].
The corresponding data are listed in Table 1. In the EC model, R, refers to
solution resistance, which depends on the solution content; R. denotes
the resistance of corrosion product layer or coating, which also reflects
their anti-penetrating ability for the electrolyte; R is the charge transfer
resistance which reflects the difficulty of redox reactions on the Mg
interface. In addition, CPE; and CPE; are constant phase elements
(CPEs) related to the double-layer capacitance; the decrease of CPE often
indicates enhanced corrosion resistance. Finally, the induction L and
induction resistance R;, describe the low-frequency inductive loop,
representing the dissolution of Mg. The resistances R and R increased
due to the substitution of the loose corrosion product layer on bare Mg
by the Mg-CP coating. R, of Mg-CP@SH samples (3.41 x 10° Q-cm~2)
sharply increased by two orders of magnitude compared with that of the
Mg-CP sample (7.81 x 10° Q~cm’2), and CPE; also declined by a similar
magnitude from 1.14 x 107> (Mg-CP) to 7.96 x 10~/ (Mg-CP@SH).
These results implied that the enhanced corrosion resistance of CP@SH
coatings was caused by the formation of thiol-ene networks enhancing
the anti-penetrating ability. All coated samples possessed long-term
stable corrosion resistance, and Mg-CP@SH samples kept their excel-
lent corrosion resistance during the 144 h EIS test (Fig. S7).

2.3. In vitro long-term degradation tests

The long-term corrosive behaviors were investigated by an immer-
sion test of 90 days in SBF (37 °C). The pH values and Mg?" concen-
tration of extracts of different samples were tracked (Fig. 3a and b)
because both parameters relate to Mg corrosion. Bare Mg showed an
extremely fast corrosion rate during the in vitro immersion test. Both pH
value and Mg?* concentration increased rapidly for bare Mg in the first
10 days. After that, the parameters increased at a lower rate and reached
a maximum at 15 days due to the formation of a blocking layer of
corrosion products, mainly Mg(OH),, on the surface of Mg alloy. The pH
value (10) and Mg2+ concentration (~670 mg/L) remained stable after
15 days, probably due to the precipitation-dissolution equilibrium of Mg
(OH); [49]. Compared to bare Mg, the Mg-CP sample exhibited a slower
change in pH and release of Mg?' representing a decreased corrosion
rate of Mg substrate at the initial stage. This result indicated that Mg-CP
coating slightly delayed the dissolution and pitting corrosion of Mg
substrate in agreement with the conclusion obtained from EIS results. By
contrast, the increase in both pH and Mg?* concentration is much slower
for the Mg-CP@SH sample, and, finally, values of about 8.5 and about
440 mg/L, respectively, were determined after 90 days of immersion,
which implied that applying CP@SH coating with effective corrosion
resistance endowed slow and relative uniform corrosion rate to Mg
substrate. In addition, the weight loss of the Mg-CP@SH sample of 8.7%
was much lower than that of Mg-CP (16.5%) and bare Mg (36.1%)
(Fig. 3c). These findings indicated that Mg-CP@SH exhibited excellent
anti-corrosion properties even in the rigorous 90-day immersion
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Fig. 2. Electrochemical corrosion test of AZ31 Mg, Mg-CP, and Mg-CP@SH samples in SBF (37 + 0.5 °C) for 4 h. (a) Potentiodynamic polarization, (b) corrosion data
analyzed from (a); (c) EIS Nyquist plots, (d) EIS Bode plots of |Z| vs. frequency, (e) Bode plots of phase angle vs. frequency; ECs of (f) bare Mg, (g) Mg-CP sample, and

(h) Mg-CP@SH sample, data were fitted by ZSimpWin 3.4 software.

Table 1
EC parameters fitted from EIS plots.
Sample Ry CPE; m CPE, ny R Ret Ry, L
(Q-cm?) @ 1S ecm?) @ 1S"ecm?) (Q-cm?) (Q-cm?) (Q-cm?) (H-em™?)
AZ31 Mg 65.8 1.12 x 107 0.85 6.74 x 107* 0.77 382.5 619.3 143 2.08 x 1073
Mg-CP 100.1 1.14 x 107° 0.38 3.68 x 107° 0.84 7.81 x 10° 1.13 x 10* 7.48 x 10° 3.54 x 107*
Mg-CP@SH 132.0 7.96 x 1077 0.69 4.21 x 107° 1 3.41 x 10° 5.33 x 10* - -
experiment. the corrosion degree of Mg substrates, their surface morphologies were

The mechanism of long-term corrosion resistance of the Mg-CP@SH
sample was intuitively revealed by SEM. The surface morphologies of
different samples were examined before and after the immersion test
(Fig. 3d). The bare Mg was severely corroded after 90 days, and its
surface was fully covered with corrosion products. The coating on the
Mg-CP sample revealed many hole defects due to inadequate adhesion
and poor mechanical properties resulting in partial peeling of films and
localized corrosion on the Mg substrate. In contrast, the Mg-CP@SH
sample still appeared uniform, smooth, and with maintained surface
integrity resembling that before immersion, suggesting that the coating
protected the Mg substrate from aggressive SBF solution during the 90-
day test. The elements on the surface of three samples were detected
after immersion tests by EDS (Fig. 3g). The corrosion products may be
attributed to Mg(OH), that was found on AZ31 Mg and Mg-CP samples
but was not observed on the Mg-CP@SH sample. Furthermore, as
evident from the cross-section images of the Mg-CP@SH sample, the
dense protective coating was continuously and firmly attached to the Mg
surface (Fig. 3e), the change in thickness during the test confirmed the
surface erosion behavior of CP@SH coating, and its degradation rate was
estimated at about 1.9 pm per month. The corrosion that occurred un-
derneath the transparent coating was first observed by an optical mi-
croscope (Fig. S8). In contrast to the severe corrosion of AZ31 Mg and
pitting corrosion of Mg-CP, the only observed greyish corrosion products
were evenly distributed under the CP@SH coating. To further examine

observed by SEM after removal of the polymeric coating and corrosion
products (Fig. 3f). Pitting holes (red arrow) like in the AZ31 Mg and Mg-
CP samples were not present on the Mg-CP@SH sample, suggesting that
the Mg substrate possessed homogeneous degradation behaviors due to
the usage of CP@SH coating. In conclusion, the durable surface-eroding
CP@SH coating inhibited the infiltration of corrosive media and the
dissolution of corrosion product layer due to its good adhesion strength,
which endowed the coating with outstanding long-term anti-corrosion
performance and maintained mechanical properties of the Mg substrate.
The uniform erosion rate of thiol-ene-crosslinked APC coatings may
provide the possibility to regulate the corrosion rate of AZ31 Mg stents
by adjusting the coating thickness, thereby adapting the degradation
rate of AZ31 Mg stents with the repair process of surrounding vessel
tissues.

2.4. Hemocompatibility test

The hemocompatibility of all samples was assessed by in vitro static
adhesion assay and hemolysis test (Fig. 4). While few adherent platelets
were visible on the AZ31 Mg surface (Fig. 4a), many deposited platelets
with activation spread-dendritic morphologies [50] were observed on
the PLGA-coated Mg sample which served as control group (Fig. 4d). In
contrast, only a few round platelets without pseudopodia were present
on the APC coatings (Fig. 4b, c). Thus, compared to the PLGA coating,
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sion test.

the CP@SH coatings presented fewer and no activated platelets, which
may reduce the probability of thrombus formation and arterial occlusion
when applied on a Mg-alloy stent [51]. The results of the hemolysis test
are shown in Fig. 4e. In general, a hemolysis rate of biomaterials below
5% is acceptable, whereas the rate of 17.48% of AZ31 Mg presented a
significant hemolysis phenomenon. The low hemolysis rate of Mg-CP
and Mg-CP@SH of 2.69% and 0.70%, respectively, could be attributed
to the inhibition of excessive release of Mg?" and OH™ by the APC
coatings. Therefore, the CP@SH coating can reduce the risk of hemolysis
for Mg implants. In summary, the thiol-ene-crosslinked APC coating
benefited the hemocompatibility of AZ31 Mg.

2.5. Invitro cytocompatibility assay

The cell survival, adhesion, growth, and proliferation influence the
endothelialization process of AZ31 Mg stents, which play essential roles
in clinical application. Therefore, the adhesion and growth behaviors of
endothelial cells on different samples were investigated. As shown in
Fig. 5a, few live cells (green color) were present on AZ31 Mg after 24 h
culturing, and almost only dead cells (red color) could be observed after

72 h culturing. The severe cytotoxicity was mitigated after coating
modification. In contrast to AZ31 Mg, the number of dead cells declined
on Mg-CP samples, while no dead cells were present on the Mg-CP@SH
sample. Simultaneously, the number of live cells sharply increased after
coating modification. In terms of cell morphology, the EA.hy926 cell on
Mg substrate became round in shape without filopodia extensions, and
cells presented in a deformed, shrunken, and irregular shape on the Mg-
CP sample, implying that they weakly adhered to both bare Mg and Mg-
CP samples. In contrast, EA.hy926 cells were fully stretched on the Mg-
CP@SH surfaces, demonstrating their more superior cellular spreading
and adhesion capability. Further quantitative results (Fig. 5b-c) showed
that all coating samples benefited the growth of cells. Among them, the
CP@SH coating provided a more ideal surface environment for endo-
thelial cell adhesion, growth, and proliferation, which was confirmed by
their largest numbers of living cells and coverage areas. This remarkable
improvement of cytocompatibility seemed positively correlated to the
corrosion resistance enhancement of the coatings. Thus, to verify this
assumption, the cytotoxicity for extracts of all samples was assessed by
MTT assay (Fig. 5d). Compared to the negative control group, the extract
of AZ31 displayed obvious cytotoxicity with cell viability below 90%. In
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Fig. 4. Morphologies of adherent platelets on (a) bare Mg, (b) Mg-CP, (c¢) Mg-CP@SH, and (d) Mg-PLGA after incubation in platelet-rich plasma (PRP) observed by
SEM. (e) The corresponding hemolysis rate of the three samples, ***p < 0.001.
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Fig. 5. Adhesion and viability of EA.hy926 cells on AZ31 Mg, Mg-CP, and Mg-CP@SH surfaces and extracts. (a) Fluorescence images of cells on samples stained with
FDA (green) and PI (red) after incubation for 1 day and 3 days. (b) Cell viability of EA.hy926 incubated in 50% extracts of all samples for 1 day and 3 days (culture
medium served as the extraction medium). Both (c) live cell numbers and (d) total coverage area analyzed from fluorescence images (each sample with at least 6
images). (e) The pH and Mg?* concentration of extracts of all samples. * p < 0.05, ** p < 0.05, ***p < 0.001. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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contrast, the extracts of coated samples did not cause cytotoxicity. The
measured pH value and Mg?t concentration of extracts (Fig. 5e) indi-
cated that the Mg?* and OH™ ions released from Mg substrates led to the
endothelial cell cytotoxicity. Based on these results, the thiol-ene-
crosslinked APC coatings provided a bioactive surface that improved
the growth and proliferation of endothelial cells for Mg-alloy stents.

2.6. In vivo assessment

The rod samples of AZ31 Mg, Mg-CP@SH, and Mg-PLLA were pre-
pared and implanted subcutaneously in Sprague-Dawley (SD) rats
(Fig. 6a) to evaluate the in vivo corrosion resistance and tissue inflam-
mation of CP@SH coating. The PLLA, a coating material widely used in
drug-eluting stents, served as control group. For accurate visualization
of the corrosion degree, micro-computed tomography (micro-CT) anal-
ysis was conducted. The 3D and 2D reconstruction images after 8-week
implantation, shown in Fig. S9 (supporting information), revealed

(a) (b)

AZ31 Mg

Micro-CT
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obvious pitting corrosion on the AZ31 and Mg-PLLA samples; however,
almost no corrosion occurred on the substrate of the Mg-CP@SH sample.
After 16 weeks of implantation (Fig. 6b), the AZ31 and Mg-PLLA sam-
ples showed serious corrosion (white arrow), which was more severe
than that of 8 weeks. In contrast, the Mg-CP@SH sample exhibited only
negligible corrosion, which demonstrated the excellent in vivo corrosion
resistance of CP@SH coating. Since the coating materials cannot be
observed by X-ray spectroscopy, the degradation behavior of coatings
was examined by SEM to investigate the correlation between coating
degradation and Mg corrosion. After 8 weeks of in vivo degradation
(Fig. S10), numerous deep cracks and pitting holes were present on
AZ31 Mg. The coating on the Mg-PLLA sample was exfoliated from Mg
on a large area, and the surface was veined with many corrosion cracks.
By contrast, the CP@SH coating firmly adhered to the Mg substrate and
presented surface erosion behavior, which inhibited the inhomogeneous
pitting corrosion of Mg alloy. After 16 weeks of implantation (Fig. 6b),
AZ31 showed a more severe corroded surface, losing shape integrity in

Mg-PLLA Mg-CP@SH

Mg-CP@SH

:
Implant time  '°vee
"H, @ Inflammatory cells A Mg*/OH-

M Acid product ¢ Neutral product

Fig. 6. (a) Schematic and digital photograph of the surgical process of subcutaneous implantation in SD rats. (b) 3D and 2D reconstruction micro-CT images and SEM
images of AZ31 Mg, Mg-PLLA, and Mg-CP@SH rods at 16 weeks after subcutaneous implantation in SD rats; the PLLA coating serves as control group. (c) SEM images
and elemental mapping (S, Mg, O, and C) of Mg-CP@SH 16 weeks after implantation. (d) Representative micrographs of histological H&E stained sections of the
implants: AZ31 Mg, Mg-CP@SH, and Mg-PLLA; M area represents Mg rod; T area represents the tissue. (e) The proposed mechanism of corrosion resistance and tissue
response during in vivo test for AZ31 Mg-, PLLA-, and CP@SH-coated Mg substrates.
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the physiological environment. The Mg-PLLA sample started to exhibit
corrosion pits on its surface, which may be attributed to the premature
degradation and exfoliation of PLLA coating from the Mg substrate
resulting in the quick loss of corrosion resistance. Fortunately, a rela-
tively smooth and integer surface can be observed on the Mg-CP@SH
sample, suggesting its superior corrosion resistance. The thickness of
the CP@SH coating was monitored by SEM and showed linear erosion
from initial about 8.8 pm at 8 weeks (Fig. S10) to about 6.1 pm at 16
weeks (Fig. 6¢), which constituted a degradation rate of about 1.4 pm
per month in vivo. The elemental mapping results for the cross-section of
Mg-CP@SH after 16 weeks are shown in Fig. 6¢c. The CP@SH coating
could be observed at the outermost layer, which can be confirmed by
significant C and S enrichment. Subsequently, O and Mg enrichment was
observed in the undercoat, which was attributed to the presence of a
uniform corrosion product layer. Combined with the SEM results,
degradation of Mg alloy occurred under the CP@SH coating. However,
different from polyester PLLA coating, the excellent adhesion, good
durability, and predictable surface erosion property of CP@SH coating
resulted in the observed homogeneous and slow degradation behavior of
Mg rods. The superior qualities of the CP@SH coating can be attributed
to impeding the corrosion products from dissolving or peeling off the Mg
substrate, which resulted in a uniform and relatively dense product layer
above the residual Mg alloy that may further enhance the corrosion
resistance of Mg implants.

Histological H&E staining was conducted to assess the tissue
response of these implants after 16 weeks post-operation. Macroscopi-
cally, a few tiny gas bubbles were observed by the naked eye in the
surrounding tissue of the AZ31 Mg rod, while there were neither any
inflammation, necrosis nor discoloration present in the surrounding
tissue of Mg-CP@SH and Mg-PLLA samples. From the microscopic assay
in Fig. 6d, the tissue that tightly integrated with the implanted samples
featured appreciable fibroblast proliferation in all samples. Severe in-
flammatory cell infiltration, many red blood cells, and few gas bubbles
triggered by Mg corrosion were observed in the tissue around the AZ31
Mg alloy, whereas the PLLA-coated Mg rod showed a slighter inflam-
mation response and fewer red blood cells. By comparison, Mg-CP@SH
showed the lowest infiltration of inflammatory cells and few blood
capillaries in their surrounding tissue, which may be attributed to their
neutral as opposed to acidic degradation products.

In this work, pictorial models were proposed to try expanding on the
in vivo degradation process (Fig. 6e). The rapid corrosion of AZ31 Mg
resulted in the formation of Hy gas bubbles and the release of toxic ions
(Mg2+ and OH "), which could damage the surrounding cells and tissues,
presenting obvious tissue inflammation. The pitting corrosion of Mg
alloy would gradually become severe with increasing implantation time,
which resulted in inhomogeneous degradation behavior and the pre-
mature loss of mechanical properties of Mg substrate. After the Mg
substrate was modified by PLLA coating, the corrosion could be
inhibited. However, as a polyester, PLLA presents bulk-erosion
behavior, degrading from both interior and the exterior. Thus, the
coating would be easily exfoliated from the substrate at the early stage of
implantation, and its acidic degradation products may cause tissue
inflammation [52]. According to some investigations, however, the
acidic products might be neutralized by the released OH™, thereby
reducing the tissue inflammation of the original Mg alloy [28]. This may
explain why a slight inflammation response occurred on the Mg-PLLA
sample. However, the inadequate corrosion resistance of PLLA may
still lead to the inhomogeneous degradation of Mg at the mid-late stages
of implantation. The CP@SH coating, a thiol-ene-crosslinked APC,
demonstrated its potential application as coating materials for AZ31 Mg
stents since it may maintain the mechanical integrity of the Mg stent
after implantation. This behavior can be explained as follows: Firstly,
the surface-eroding coating maintained surface integrity during in vivo
implantation which prevented Mg from contacting physiological me-
dium and ensured a homogenous degradation behavior of AZ31 Mg;
secondly, CP@SH coating prevented the permeation of physiological
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medium along the incompatible surface of polymer and substrate due to
its outstanding adhesion and good durability; finally, the Mg-CP@SH
sample showed an excellent tissue response, which might be attrib-
uted to the neutral degradation products and superior corrosion resis-
tance of CP@SH coating. It is expected that Mg implants might degrade
with a controllable rate along with the tissue repair process by regu-
lating the thickness of thiol-ene-crosslinked APC coatings.

3. Conclusion

In conclusion, a photo-crosslinked aliphatic polycarbonate coating
with predictable degradation behavior was designed and fabricated by
the EPD method for enhancing the corrosion resistance and improving
the surface biocompatibility of Mg-alloy stents. We proved that a uni-
form coating with controllable thickness can be prepared on AZ31 Mg
stents due to the inherent superiority of EPD in comparison to other
coating methods. The results of the balloon expansion test indicated
excellent mechanical property and adhesion strength of the coating on
AZ31 Mg stents. Significantly, the coating presented surface-erosion
degradation behavior with a predictable constant erosion rate of 1.9
pm per month and 1.4 pm per month in vitro and in vivo, respectively.
Our results indicated that the combination of photo-crosslinked PMDMT
polycarbonate and EPD method provided the employed Mg alloy with
excellent corrosion resistance, which could lead to slow and homoge-
neous degradation behavior of Mg-alloy stents. In addition, coating
modification on Mg substrate resulted in reduced hemolysis rate,
enhancement of the adhesion and proliferation of endothelial cells, and
reduction in tissue inflammation. This versatile strategy presents a po-
tential application to avoid premature loss of mechanical integrity and
improve the surface bioactivity of Mg-alloy stents.
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