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Preparation of biocompatibility coating
on magnesium alloy surface by sodium alginate
and carboxymethyl chitosan hydrogel

Rufeng Jia,"?¢ Yanyan He,"#¢ Jia Liang,"?¢ Lin Duan,?? Chi Ma,"? Taoyuan Lu,"? Wenbo Liu,"? Shikai Li,”
Haigang Wu,* Huixia Cao,® Tianxiao Li,"*3* and Yingkun He!.?.7.*

SUMMARY

Magnesium alloy is an excellent material for biodegradable cerebrovascular stents. However, the rapid
degradation rate of magnesium alloy will make stent unstable. To improve the biocompatibility of mag-
nesium alloy, in this study, biodegradable sodium alginate and carboxymethyl chitosan (SA/CMCS) was
used to coat onto hydrothermally treated the surface of magnesium alloy by a dipping coating method.
The results show that the SA/CMCS coating facilitates the growth, proliferation, and migration of endo-
thelial cells and promotes neovascularization. Moreover, the SA/CMCS coating suppresses macrophage
activation while promoting their transformation into M2 type macrophages. Overall, the SA/CMCS
coating demonstrates positive effects on the safety and biocompatibility of magnesium alloy after implan-
tation, and provide a promising therapy for the treatment of intracranial atherosclerotic stenosis in the
future.

INTRODUCTION

Intracranial atherosclerotic stenosis (ICAS) is a significant contributor to the occurrence and recurrence of ischemic stroke worldwide.” The
advent of intracranial endovascular stents has provided a therapeutic option for the interventional treatment of ICAS, gaining widespread
use in clinical practice.”* Magnesium alloy, characterized by its excellent mechanical properties and biocompatibility,”'° represents an ideal
material for biodegradable stent."'~"® However, there remain several challenges associated with the use of magnesium alloy as intracranial
stent material. Rapid degradation of magnesium alloy often leads to excessive corrosion products, resulting in elevated levels of Mg?* ions
and localized alkalinization that can induce cell death. Additionally, inadequate surface endothelialization and severe inflammatory reactions
further limit their clinical application.'*'”

Surface modification techniques provide a promising solution for enhancing the biocompatibility of magnesium alloy intracranial stents by
applying corrosion-resistant coatings, including metal oxide, metal hydroxide, inorganic non-metal, polymer, or organic coatings.'®®
Among these techniques, polymers or organic coatings have gained significant prominence in the field of stent coating materials compared
to inorganic coatings due to their inherent biodegradability, exceptional biocompatibility, and ability to modulate cellular responses (e.g.,
adhesion, proliferation, and differentiation). Currently, widely utilized biodegradable materials primarily encompass natural degradable poly-
mers (such as collagen,””"? chitosan,”*** and sodium alginate”?) or synthetic degradable polymers (such as polylactic acid (PLA), poly-L-
lactic acid (PLLA), poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL)).7?®

Carboxymethyl chitosan (CMCS) is a water-soluble derivative of chitosan (CHI) that possesses favorable physiological properties.
low cytotoxicity and hydrophilic surface promote cell adhesion and proliferation, making it an ideal biological coating material.****
Bakhsheshi-Rad et al.”* applied electrospun chitosan nanofibers to the surface of Mg-Zn-Ca alloy, thereby enhancing its biocompatibility
and corrosion resistance of the alloy. Cérdoba et al.”"* successfully developed a bilayer silane-titanium dioxide/chitosan coating on mag-
nesium alloy, which facilitated cell proliferation. Cui et al.”* achieved successful preparation of a chitosan/DNA self-assembly coating on the
AZ31 alloy surface, demonstrating favorable cytocompatibility, antibacterial activity, and corrosion resistance.
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Figure 1. SEM, AFM plot of the sample
SEM image of (A) Mg substrate, (B) Mg-OH, (C) Mg-PEl, (D) Mg-(SA/CMCS), coatings (scale bar = 2 um); AFM image of (E) Mg substrate, (F) Mg-OH, (G) Mg-PEl,
(H) Mg-(SA/CMCS),, coatings (scale bar = 1 um).

Sodium alginate (SA), a naturally occurring polymer with excellent biocompatibility and biodegradability, is widely utilized in various ap-
plications.”*>*¢ An aqueous solution of SA forms a highly viscous liquid composed of molecules linked by B-D-mannuronic (M) and a-L-gu-
luronic (G) bonds (1—4). In the presence of Ca®* ions, the Na™ ions on the G unit undergo ion exchange with divalent cations, resulting in the
accumulation of the G unit and formation of a cross-linked network structure that leads to hydrogel formation.”’ "' Qiang Zou et al.”® con-
ducted a study involving the prevascularization of 3D printed vascular stent by premixing human umbilical vein endothelial cells (HUVECs) in a
SA hydrogel and spraying them onto the stent. The results demonstrated cell proliferation within the stent while maintaining favorable bio-
logical characteristics. Once gelation occurs, SA firmly adheres to the surface of the magnesium substrate, preventing coating detachment.
Furthermore, this gelation condition preserves activity levels for substances such as cells,* sensitive drugs,”® proteins,** and enzymes,*
thereby significantly enhancing coating biocompatibility.

The ZE21B (Mg-2.0Zn-0.5Y-0.5Nd) magnesium alloy was employed as the substrate material for design and fabricate an SA/CMCS coating,
which could be applied to the biodegradable ZE21B magnesium alloy material.*~'? Initially, a hydrothermal treatment was conducted to form
a chemical conversion layer of Mg(OH), on the surface of magnesium alloy. Subsequently, a dipping coating method was utilized to sequen-
tially coat SA/CMCS onto the surface of the magnesium alloy. The morphology and structure of the coated surface were characterized using
scanning electron microscopy (SEM), Atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and X-ray diffractometer
(XRD) analysis techniques. Electrochemical tests, Mg?* detection, and pH measurement in solution were performed to investigate the corro-
sion resistance of the coated magnesium alloy. Furthermore, contact angle measurements and hemocompatibility tests were carried out to
evaluate the hydrophobicity and hemocompatibility of the coating surface respectively. To verify its biocompatibility effects on vascular endo-
thelium, smooth muscle cells (SMCs), and inflammation response under normal culture conditions as well as in presence of magnesium alloy
extract, we compared proliferation, migration, and inflammatory responses of human umbilical vein endothelial cells (HUVECs), human cor-
onary artery smooth muscle cells (HCASMCs) and macrophages.

RESULTS

Morphology and structure characterization of magnesium alloy surface coating

The surface morphology and roughness of the coatings were characterized by SEM and AFM, and the results are shown in Figure 1. After mechan-
ical polishing, magnesium alloy exhibited a flat surface with a roughness of approximately 1.72 &+ 2.19 nm (Figure 1E). The surface of magnesium
alloy reacted with ultrapure water at high temperature and high pressure, forming a uniform lamellar crystalline structure, and the roughness
increased to 37.0 £ 50.9 nm (Figure 1F). Then the samples were soaked in a 10 mg/mL PEl aqueous solution and dried, resulting in the formation
of aPEl coating on the surface. SEM images revealed the presence of polymer on the sample surface, although itwas not completely covered. AFM
analysis showed a reduced surface roughness of 18.4 + 23.8 nm (Figure 1G). After six cycles of dipping in an aqueous solution of SAand CMCS, the
surface of sample was fully covered by the polymer (Figure 1D), resulting in a flat surface with a roughness of 6.14 4+ 8.15 nm (Figure TH).
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Figure 2. XRD, XPS plot of the sample
(A) XRD patterns of the Mg substrate, Mg-OH and Mg-(SA/CMCS), coatings; (B) XPS spectra of Mg substrate, Mg-OH, Mg-PE| and Mg-(SA/CMCS), coatings; The
XPS spectra image of Mg after SA/CMCS coating: (C) Cys, (D) O4s, and (E) Nys.

Figure 2 presents the XRD and XPS patterns of the Mg substrate, Mg-OH, Mg-PEIl, and Mg-(SA/CMCS), coated samples. XRD patterns illus-
trates the phase changes of the sample from the magnesium alloy to the hydrothermal treatment and subsequent coating (Figure 2A). The hy-
drothermal treatment led to the appearance of Mg(OH),. Figure 2B displays the XPS spectra for each layer during the coating preparation. The
untreated magnesium alloy spectra exhibited characteristic peaks corresponding to the alloy elements of ZE21B magnesium alloy, such as Zn, Y,
and Nd. After the hydrothermal treatment, an Oy characteristic peak appeared. Upon PEI dipping, the characteristic peak of the metal elements
disappeared due to the formation of a polymer coating layer on the surface. Since PEl contains N elements, a significant increase in the Nq peak
was observed. The Nay peak started to appear after SA dipping, accompanied by changes in the N5 peak. The XPS peak-splitting analysis of the
coated samples revealed four peaks in the Cq¢ spectrum (Figure 2C): 284.8 eV (C-C/C-H), 286.1 eV (C-N), 286.7 eV (C-O), and 287.9 eV (C=0). The
Ossspectrum (Figure 2D) showed two peaks: one (C-O) at 532.7 eV and the other (C=0) at 531.3 eV. The N1 spectrum exhibited two split peaks in
the multilayer film (Figure 2E), with a peak of -NH, at 399.1 eV and a peak of -NH3" at 400.4 eV. The adhesion test showed that the adhesion force
of the coating increased after ethylene imine polymer treatment (Figure S1).

Coating properties
Electrochemical

Electrochemical testis a typical method to evaluate the metals’ degradability. Polarization curve is a common tool to assess the instantaneous
corrosion rate of metal and to evaluate the corrosion resistance of protective coatings on metal substrate. To investigate the protective ef-
ficacy of Mg-OH, and Mg-(SA/CMCS)s samples, these samples were immersed in SBF for 1 h, followed by electrochemical measurements. The
Tafel curves of the Mg substrate, Mg-OH, and Mg-(SA/CMCS), samples are presented in Figure 3, and the electrochemical parameters
(mean £ SD) derived from the Tafel curves are displayed in Table 1. From Figure 3, it is evident that the corrosion performance of the mag-
nesium alloy, after hydrothermal treatment and coating, differs among the metal samples. The bare magnesium alloy exhibits the smallest
Ecorr (—=1.736 V) and the largest icorr (1.451 X 107* A-cm™2). In contrast, the Mg-(SA/CMCS), sample, following surface modification with
the coating, displays a larger Ecorr (—1.506 V) and a smaller ico,, (2.488 x 1077 A-cm™2) compared to the bare magnesium alloy. After hydro-
thermal treatment, the i, (1.228 X 107> A-cm™2) of the Mg-OH sample falls between that of the bare magnesium alloy and the Mg-(SA/
CMCS)q sample, and the E,,, (—1.491 V) of the Mg-OH sample is equivalent to that of the Mg-(SA/CMCS), sample.

Mg?* concentration and pH value

By immersing different groups of samples directly in simulated body fluid (SBF) and measuring the changes in Mg?* concentration and pH
value of the soaking solution (Figure 4), it was observed that the bare magnesium alloy exhibited significant variations in Mg®* concentration
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Figure 3. Tafel curves of Mg substrate, Mg-OH, and Mg-(SA/CMCS), samples in SBF

and pH value from 0 h to 6 h after immersion in SBF. Conversely, the Mg?* concentration and pH value of the Mg-OH group (treated with
hydrothermal treatment) and the Mg-(SA/CMCS), group (modified with the coating surface) showed minimal changes, with only a slight in-
crease. After 8 h, the changes in Mg?* concentration and pH value in the bare magnesium alloy group samples became smoother, while the
Mg?* concentration and pH value in the Mg-OH group samples exhibited significant fluctuations. Furthermore, the Mg?* concentration and
pH value in the Mg-(SA/CMCS), group samples changed gradually following the surface modification, and they were significantly lower than
those of the bare magnesium alloy and Mg-OH group samples.

Hydrophilicity and hemocompatibility

The water contact angle (Figure 5A) of the surface-polished magnesium alloy is 71.54 + 0.80°. Upon hydrothermal treatment, a Mg(OH), layer
forms on the surface, leading to an increase in surface hydrophilicity to 19.78 + 0.12°. Due to the hydrophilic properties of both SA and CMCS,
the modified sample retains a highly hydrophilic surface, with a hydrophilic contact angle of approximately 36.13 + 0.65°.

Subsequently, the Mg substrate, Mg-OH, and Mg-(SA/CMCS), samples were incubated with a red blood cell suspension at 37°C for 1 h,
2h, 3h, and 4 h to assess red blood cell lysis upon contact with the samples, as shown in Figure 5B. Compared to the bare magnesium
alloy, Mg-(SA/CMCS), sample exhibit favorable anti-hemolytic properties. The hemolysis rate (mean £ SD) of Mg-(SA/CMCS)s at 1 h, 2 h, 3
h, and 4 h was 0.154 + 0.117%, 0.557 + 0.576%, 1.373 + 0.559%, and 2.532 + 0.333%, respectively. These values were lower than the
International Organization for Standardization (ISO) standard for hemolytic properties of materials (5%) and met the requirements for clin-
ical implantation.

Cytocompatibility
Effect of coating on endothelial cell proliferation and migration

The impact of coating on the growth, proliferation, and migration of vascular endothelial cells were investigated. The CCK-8 results (Figure 6A)
demonstrated the proliferation of HUVECs cultured in extracts from bare magnesium alloy, hydrothermal treatment, and coating
samples. After 1 day of culture, there was no significant difference in cell proliferation among the Control, Mg substrate, Mg-OH, and
Mg-(SA/CMCS), groups. However, after 3 and 5 days of culture, the SA/CMCS coating group exhibited enhanced cell proliferation compared
to the Control, Mg substrate, and Mg-OH groups. Figure 6B presents the release of nitric oxide (NO) from HUVECs cultured for 1 day, 3 days,
and 5 days in the culture medium and extracts of Mg substrate, Mg-OH, and Mg-(SA/CMCS),. The results revealed that the mean NO release
in the Mg-(SA/CMCS), group was 1.5 times higher than that in the Mg substrate group after 1 day of culture, 1.9 times higher after 3 days, and
1.4 times higher after 5 days. Furthermore, NO release gradually increased with the extension of culture time, with the Mg-(SA/CMCS)s group
demonstrating higher NO release, indicating its superior promotion of NO release from HUVECs compared to the magnesium alloy.
Figures 6C and 6D illustrate the migration of HUVECs in a scratch test and the results of statistical analysis under different culture conditions.
The migration rate of HUVECs in the Mg-(SA/CMCS)4 group was faster than that in the Mg substrate group and Control group. After 6 h of

Table 1. Electrochemical parameters of Tafel curves of Mg substrate, Mg-OH and Mg-(SA/CMCS), samples in SBF

Samples Ecorr (V) icorr (A-cm™?)

Mg substrate —1.732 + 0.020 (3.187 £ 1.534)x10~*
Mg-OH —-1.512 £ 0.022 (2.284 £+ 1.070)x10°°
Mg-(SA/CMCS), —1.496 + 0.009 (2.599 £ 0.675)x10~7
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Figure 4. Mg?* and pH of the sample

(A) Mg?* concentration and (B) pH value in the extracts of Mg substrate, Mg-OH and Mg-(SA/CMCS), samples after immersion in SBF at 37°C forOh,0.5h, 1h, 2 h,
4h,6h,8h, 24 h,and 48 h.

scratching, the average cell migration rate of HUVECs in the Mg-(SA/CMCS), group was 1.8 times higher than that in the Mg substrate group
and 1.2 times higher than that in the Control group. Figures 4E and 6F display the Transwell results and statistical analysis of HUVECs cultured
for 24 h. The mean number of cell migration in the Mg-(SA/CMCS)s group was 1.7 times higher than that in the Mg substrate group and
1.5 times higher than that in the Control group.

To further explore the impact of coating on angiogenesis, angiogenesis experiment was conducted, and the findings are depicted
in Figures 6G and 6H. In comparison to the Mg substrate group, the Mg-(SA/CMCS)6 group exhibited a significant increase in the num-
ber of nodes within the tubular network. Specifically, the average number of nodes in the Mg-(SA/CMCS)6 group was 2.5 times higher
than that in the Mg substrate group, 1.2 times higher than that in the Control group, and 2 times higher than that in the Mg substrate
group.

It has been established that the downregulation of von Willebrand Factor (WWF) expression and the upregulation of VE-cadherin expres-
sion promote the proliferation and migration of endothelial cells."**” From Figure 7, the elevation of VWF expression and the reduction of VE-
cadherin expression in HUVECs from the Mg substrate group were observed. Conversely, the Mg-(SA/CMCS), group exhibited decreased
vWF expression and increased VE-cadherin expression. Notably, VE-cadherin formed a significant network structure in the Mg-(SA/CMCS),
group. These results demonstrate that the Mg-(SA/CMCS)s group promotes the proliferation and migration of HUVECs by regulating the
expression of VWF and VE-cadherin.

Effect of coating on smooth muscle cell migration

SMCs are the primary cell type in the pre-atherosclerotic intima, and the influence of coating on the migration of HCASMCs was investigated.
HCASMCs were co-cultured with HUVECs, and the results demonstrated that the number of migrating HCASMCs in the Mg-(SA/CMCS),
group was significantly lower than that in the Mg substrate group (Figure 8). This indicates that the Mg-(SA/CMCS)s group inhibited SMC
migration, while the bare magnesium alloy promoted excessive SMC migration.

Inflammatory response

To understand the effect of coating on inflammation, Arg-1, a marker of M2 macrophages, and factors associated with inflammation,
including IL-6, IL-10, ODC-1, TNF-a, Arg-2 were examined, and Netrin-1. Proinflammatory cytokine IL-6 and anti-inflammatory cytokine
IL-10 were detected using ELISA. The results revealed that the expression of IL-6 was higher in MO, M1, and M2 macrophages of the
magnesium alloy group (Figure 9A), particularly in M1 macrophages. Conversely, the expression of IL-6 in the Mg-(SA/CMCS), group
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Figure 5. Hydrophobicity and blood compatibility of the sample
(A) Water contact angle of Mg substrate, Mg-OH, and Mg-(SA/CMCS), samples; (B) Acute hemolysis test of Mg substrate, Mg-OH, and Mg-(SA/CMCS), samples.
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Figure 6. Endothelialization studies of the sample

HUVECs were cultured in Mg substrate, Mg-OH, and Mg-(SA/CMCS), medium extracts: (A) CCK-8 was measured after 1 day, 3 days and 5 days of culture; (B) NO
release after 1 day, 3 days and 5 days of culture; (C), (D) Migration and quantitative analysis of cells cultured for 0 h and 6 h after scratch (scale bar = 400 um); (E), (F)
Transwell migration and quantitative analysis after 24 h of culture (scale bar = 100 um); (G), (H) Vascular formation and quantitative analysis after 6 h of culture
(scale bar = 200 um); *p < 0.05, **p < 0.01, ***p < 0.001.

was relatively lower than that in the Control group. There was no significant difference in the expression of the anti-inflammatory cyto-
kine IL-10 (Figure 9B) in MO macrophages. In the Mg-(SA/CMCS), group, IL-10 was highly expressed in M1 and M2 macrophages, with
higher expression observed in M2 macrophages. The expression of IL-10 in the Mg-(SA/CMCS), group was higher than that in the Con-
trol group. The ELISA results indicated that the Mg-(SA/CMCS)s group promoted the secretion of the anti-inflammatory cytokine IL-10
but had no significant effect on the secretion of the pro-inflammatory cytokine IL-6. The expression of inflammation-related genes in MO
(Figure 9C), M1 (Figure 9D), and M2 (Figure 9E) macrophages was assessed using gRT-PCR. Arg-1 and ODC-1 were upregulated in MO,
M1, and M2 macrophages, with higher upregulation observed in the Mg-(SA/CMCS), group compared to the Control group. The
expression of TNF-a, Arg-2, and Netrin-1 was downregulated, and the downregulation of TNF-a, Arg-2, and Netrin-1 in the Mg-(SA/
CMCS)s group was less pronounced than that in the Control group. These results indicated that SA/CMCS coating could reduce the
release of inflammatory factors and dampen the inflammatory response. Furthermore, the SA/CMCS coating group exhibited superior
anti-inflammatory properties compared to the control group. Collectively, these findings suggest that the coating attenuates M1 po-
larization while inducing M2 polarization, thus promoting the production of anti-inflammatory factors and inhibiting the production
of pro-inflammatory factors.

6 iScience 27, 109197, March 15, 2024
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Figure 7. Expression of vWF (green) and VE-cadherin (red) in normal medium and Control, Mg substrate, Mg-OH and Mg-(SA/CMCS), extracts (scale
bar = 25 um)

DISCUSSION

In this study, an SA/CMCS multilayer coating was prepared on the surface of the magnesium alloy using the dip coating method. The coating
preparation diagram is presented in Figure 10. The hydrothermal treatment resulted in the formation of an Mg(OH), layer and SA/CMCS poly-
mer coating was formed on the surface of the magnesium alloy, which served as physical barrier to reduce direct contact between the mag-
nesium alloy substrate and blood. which is because of long-term corrosion protection provided by the synergistic effect of the outer SA/
CMCS layer with compact structure and the inner Mg(OH), layer. SA** and CMCS***® exhibit low cytotoxicity and excellent biocompatibility.
SA can form a physical barrier on the surface of magnesium alloy by cross-linking with Ca?* in the blood to create a network structure,*’
thereby reducing direct contact between red blood cells in the blood and the surface of magnesium alloy. Consequently, the hemolysis
rate of SA/CMCS sample is significantly lower than 5%, which reduces the likelihood of distal vascular embolism and the risk of cerebral
infarction."”=>?

Magnesium alloy exhibits poor corrosion resistance and limited biological activity prior to surface modification. The presence of Cl™ in
body fluids readily corrodes the surface of magnesium alloy, leading to severe corrosion.”® However, through the layer-by-layer deposition
of SA and CMCS in our study, the coating effectively reduces the release of Mg?* and OH™ ions. Maier et al.>* demonstrated that at appro-
priate concentration of Mg®* could stimulate the release of more NO from endothelial cells. NO, functioning as an endothelial relaxing factor,
plays a crucial role in physiological processes such as promoting endothelial cells growth, inducing vasodilation, and inhibiting SMCs prolif-
eration.”>™’ In our study, the NO release assay revealed that the SA/CMCS coating facilitated increased NO release from endothelial cells,
which is essential for endothelial cells growth. It should be noted that NO can inhibit SMCs proliferation. To ascertain whether the NO
released by HUVECs can indeed impede the proliferation and migration of SMCs, a co-culture experiment with HUVECs and SMCs were

B B3 3
Control Mg substrate Mg-OH Mg-(SA/CMCS),

Figure 8. HCASMCs and HUVECs were co-cultured in Control, Mg substrate, Mg-OH and Mg-(SA/CMCS), extracts for HCASMCs migration (scale bar =
100 pum)
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(A), (B) Results of ELISA for IL-6 and IL-10 in MO, M1 and M2 macrophages; (C), (D), (E) gRT-PCR results of relative expression levels of Arg-1, ODC-1, TNF-a, Arg-2
and netin-1 mRNA in MO, M1 and M2 macrophages; *p < 0.05, **p < 0.01, ***p < 0.001.
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conducted. The results of the Transwell experiment demonstrated that the number of migrating SMCs in the SA/CMCS group was signifi-
cantly lower than that in the bare magnesium alloy group. This suggests that the coating effectively restrained the migration of vascular
SMCs. It is plausible that the SA/CMCS coating on the magnesium alloy promotes NO release by HUVECs, which, in turn, mediates intercel-
lular communication between HUVECs and SMCs, thus inhibiting the proliferation and migration of SMCs. NO inhibits SMCs migration and
proliferation possibly by upregulating cGMP and a-SMA.>>*® However, further investigation is required to elucidate the precise underlying
mechanism.

It has also been demonstrated that the downregulation of VWF expression and the upregulation of VE-cadherin expression promote the
proliferation and migration of endothelial cells,***’ facilitating the rapid adhesion, proliferation, and migration of endothelial cells on the
implant surface, thus promoting the rapid completion of vascularization of stent. In this study, the immunofluorescence assay was employed
to verify the expression of two endothelial cells surface markers, VWF and VE-cadherin, which are associated with angiogenesis. The results
showed that the expression of VWF was downregulated and VE-cadherin was upregulated in endothelial cells of the SA/CMCS group
compared with the Mg substrate group, and VE-cadherin formed a significant reticular formation in SA/CMCS group. These findings indicate
that SA/CMCS coating could promote proliferation, migration and angiogenesis of endothelial cells, which is expected to solve the problems
of the delayed endothelialization of the implanted Mg-based stent material.

Inflammation and vascular remodeling after stent implantation are highly correlated with local monocyte behavior,” and vascular wall
injury caused by stent implantation can lead to related inflammation and promote SMCs proliferation, which is the mechanism of in-stent
restenosis (ISR). To further understand the effect of the coating on inflammation, relevant inflammatory factors were examined. The coating
has been found to promote the secretion of the anti-inflammatory cytokine IL-10 and inhibit the secretion of the pro-inflammatory cytokine
IL-6. Increasing evidence shows that the increase of anti-inflammatory M2 macrophages is related to the reduction of ISR,**" reduced inflam-
matory responses, and increased polarization of M2 macrophages with the ability to undergo rapid endothelialization and promotes angio-
genesis. Moreover, the SA/CMCS coating effectively hinders SMCs migration and exhibits anti-inflammatory properties. Therefore, the SA/
CMCS coating is expected to be an ideal coating for biodegradable magnesium alloy vascular stent (Figure 11).

Conclusions
In this work, a biodegradable SA/CMCS coating was successfully constructed on the surface of ZE21B magnesium alloy via hydrothermal
treatment and dipping treatments, and the main conclusions of this study are the following.
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Figure 11. Mechanism of SA/CMCS coating on the biocompatibility of the surface of magnesium alloy

1) The SA/CMCS coating sample shows a low degradation rate, which will be beneficial to improve the biocompatibility of the surface of
magnesium alloy.

2) The hemocompatibility tests indicate that the SA/CMCS coating exhibits a lower hemolysis rate, confirming its better anti-hemolysis
properties and blood compatibility.

3) The NO release assay demonstrates that the SA/CMCS coating promotes NO release from HUVECs more effectively compared to the
Mg substrate.

4) Cytocompatibility assay shows that the SA/CMCS coating facilitates the growth, proliferation, and migration of endothelial cells and
promotes neovascularization.

5) The SA/CMCS coating effectively reduces M1 polarization and promotes M2 polarization, resulting in increased production of anti-in-
flammatory molecules and suppression of pro-inflammatory molecules in the inflammatory response.

Limitations of the study

The limitation of this study is that no animal model was used to validate the coated magnesium alloys. We hope that animal models can be
used in subsequent studies to verify the corrosion resistance and biocompatibility of magnesium alloys after coating.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-vWF antibody Abcam RRID: AB_3094475
Anti-VE-cadherin antibody Proteintech RRID: AB_2920043
Alexa Fluor®488 Abcam RRID: AB_2630356
Alexa Fluor®647 Abcam RRID: AB_2687948

Chemicals, peptides, and recombinant proteins

Sodium alginate(SA) Aladdin $278630
Carboxymethyl chitosan(CMCS, MW=240Kda) Macklin C914893
Ethylene imine polymer (PEl, MW=600, 99%) Macklin E808878
Matrigel ABW 0827065
Fluorescent mounting medium (containing ORIGENE ZU-9557
DAPI)

Cell Counting Kit-8 Meilun Biotechnology Co., Ltd MA0218-5
Crystal Violet-Gentian Violet Stain Solution Solarbio G1075

Software and algorithms

Image J NIH N/A
GraphPad Prism 9.0.0 GraphPad N/A
Origin Origin Lab N/A
CHI 760E CHI Instruments N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yingkun He
(heyingkun@zzu.edu.cn).

Materials availability

All materials are from commercial sources and are widely available.

Data and code availability
Original data are available from corresponding authors.
This paper does not report the original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell lines
HUVECs (PCS-100-010, ATCC, USA) were used and cultured in an incubator at 37°C and 5% CO,. The medium used consisted of 500 ml of
ECM, 25 ml of FBS, 5 ml of P/S, and 5 ml of ECGS (1001, Sciencell, USA). When the cells reached 75% to 80% confluence in the culture flask,
they were collected for the subsequent experiment.

HCASMCs (HTX2054, OTWO BIO, China) were used and cultured in an incubator at 37°C and 5% CO,. The medium used consisted of
500 ml of SMCM, 25 ml of FBS, 5 ml of P/S, and 5 ml of SMCGS (1101, Sciencell, USA).

THP-1 (341989, BNCC, China) cells were cultured in a cell incubator at 37°C with 5% CO,. RPMI-1640 complete medium (338360, BNCC,
China) was used to culture the cells.
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METHOD DETAILS

Coating preparation

The ZE21B magnesium alloy was cut into a cylinder with a height of 3 mm and a diameter of 10 mm. The magnesium alloy samples underwent
a surface preparation procedure involving sequential sanding with silicon carbide waterproof papers of 400#, 800#, 1200#, and 4000# grit
sizes.Subsequently, the samples were polished using PCY wool fabric polishing cloth with QMOVE diamond suspension polishing liquid
(3um, DS001-C, TRUER) and PCV flannelette (red short velvet) polishing cloth with QMOVE diamond suspension polishing liquid (0.5um,
DS001-C, TRUER). To ensure optimal surface cleanliness, the polished magnesium alloy samples were subjected to ultrasonic cleaning in
acetone for 10 minutes and in absolute ethyl alcohol for 10 minutes, effectively eliminating any stains and grease residues. Next, the cleaned
Mg substrate was dried in warm air for standby.

The polished magnesium alloy sheets were placed in a Teflon-lined stainless steel autoclave and subjected to hydrothermal treatment at
160°C for 2 hours. and solution C, consisting of a 3 mg/ml CMCS solution, were prepared. Three solution have been prepared, namely so-
lution A, B, C. Solution A is prepared by adding PEl to ultrapure water (Milli-Q Reference, Millipore, USA), which resulted a final concentration
of 10 mg/mL. Solution B is prepared by adding SA to ultrapure water, which resulted a final concentration of 3 mg/mL. Solution C is prepared
by adding CMCS to ultrapure water, which resulted a final concentration of 3 mg/mL.

Firstly, the pretreated magnesium alloy sheet was immersed in solution A for 10 minutes and then dried in an electrothermal blast drying
oven at 37°C for 10 minutes, resulting in the formation of a PEl polymer film on the magnesium alloy surface. This sample was denoted as Mg-
PEI. Subsequently, the sample was immersed in solution B for 10 minutes, followed by drying at 37°C for 10 minutes, resulting in the formation
of a SA coating, and this sample was denoted as Mg-SA. Next, the sample was immersed in solution C for 10 minutes and dried at 37°C for
10 minutes, resulting in the formation of a CMCS coating, and this sample was denoted as Mg-SA/CMCS. This process of immersion in so-
lutions B and C was repeated five times, with the coating sequence being "ABCBCBCBCBCBC". Finally, after drying, the fully coated sample
was obtained and designated as Mg-(SA/CMCS),. The coating preparation diagram is presented in Figure 10.

Characterization of coating surface structure and properties

Coating surface structure characterization

Scanning electron microscopy (SEM, JSM-7800F, Japan) at an acceleration voltage of 5 kV was employed to characterize the surface topog-
raphy of the samples both before and after coating. Atomic force microscopy (AFM, Bruker Dimension Icon, Germany) was utilized to examine
the surface topography and roughness of the samples with tapping model. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha, USA) was employed to detect the elements present on each layer of the samples with an energy resolution of 100 eV wide spectrum
and 50 eV narrow spectrum, and the data were analyzed using Avantage software. The surface phase analysis of the samples were analyzed
using an X-ray diffractometer (XRD, Bruker D8 Advance, Germany) with copper target (A = 0.154 nm), a voltage of 40kV and a current of 40 mA.
The data were analyzed using MDI Jade 6 software.

Scratch measurement

Scratch measurements were implemented to represent the adhesion force of the coating (critical load) via Micro combination tester: MCT3
(Anton Paar, Austria). Scratches of 2 mm length were made by a diamond Rockwell indenter with a spherical tip radius of 50 um sliding at a
constant speed of 2 mm/min under increasing loads from 0.01 to 3 N. The tests were repeated for three times.

Electrochemical testing

The Tafel curves of the Mg substrate, Mg-OH, and Mg-(SA/CMCS)4 samples were measured using an electrochemical workstation (CHI760E,
Chenhua, China). Prior to obtaining the Tafel curve, the open-circuit voltage of the sample was measured after leaving it to stand for 1 hour,
following which the Tafel curve was obtained. The experiment employed a three-electrode mode, with the counter electrode, reference elec-
trode, and working electrode being a platinum electrode (260), a saturated calomel electrode, and the sample to be tested, respectively. The
polarization voltage scanning range was set from -2.3V to -0.9 V, and a scanning speed of 0.01 V/s was employed to measure the open circuit
potential and Tafel curve. The Tafel extrapolation method was used to fit the curve, allowing for the determination of the corrosion potential
and corrosion current.

Mg?* concentration and pH value

Mg substrate, Mg-OH, and Mg-(SA/CMCS), samples were prepared for the detection of Mg?* concentration and pH value in the in vitro im-
mersion test. The alloy sheet samples were placed into the 24-well plates with 1 piece per well, and 4 duplicate wells were set up in each
group. Simulated body fluid (SBF) (composition provided in Table S1) was added to each well at a volume of 2 ml per well, followed by placing
the platesin a 37°C oven. The soaking solution was collected at0h,0.5h, 1h,2h,4 h, 6 h, 8h, 24 h, and 48 h. The absorbance value (OD value)
of each sample group were measured at 540 nm using a microplate reader with the aid of an Mg?* detection kit (E-BC-K162-M, Elabscience,
China) in order to calculate the Mg®* concentration. The pH value of the soaking solution was determined using a pH meter (PB-10, Sartorlus,
Germany). Four samples were measured and the average value was calculated.
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Hydrophilic test

A sessile drop of 16 pL of ultra-pure water was placed on the surface, and the contact angle was measured using a contact angle measuring
instrument (JY-82C, Chengde Dingsheng, China). The surface hydrophilicity properties of the samples before and after coating were as-
sessed. At least four contact angles were measured in different areas of the sample, and the average value was calculated.

Hemolysis rate

EDTA anticoagulant tubes were obtained from ICAS patient blood, the red blood cells were obtained after being centrifugated at 1500 g and
4°C with a high-speed refrigerated centrifuge (Thermo Heraeus Megafuge 8R, USA) for 10 min. The samples were soaked in 3 ml of a 1% red
blood cells solution (diluted in normal saline). Additionally, a negative control group consisting of 1% red blood cells (diluted in normal saline)
and a positive control group consisting of 1% red blood cells (diluted in distilled water ) were set up. The samples were incubated at 37°C for 1
h,2h,3h,and 4 h, followed by centrifugation at 3000 rpm for 5 min. Subsequently, 150 pl of supernatant was aspirated, and the absorbance at
the wavelength of 545 nm was measured using a microplate reader. Three samples were measured and the average value was calculated. The
hemolysis rate (HR) was calculated using the following formula:

_ ODs — ODn
" ODp — ODn

ODs represents the absorbance value of the sample, ODn represents the mean absorbance value of the negative control group, and ODp
represents the mean absorbance value of the positive control group. Samples with a hemolysis rate lower than 5% were considered eligible.

HR * 100%

Cytocompatibility

In vitro culture of HUVECs

Passages 2-9 of HUVECs (PCS-100-010, ATCC, USA) were used and cultured in an incubator at 37°C and 5% CO,. The medium used consisted
of 500 ml of ECM, 25 ml of FBS, 5 ml of P/S, and 5 ml of ECGS (1001, Sciencell, USA). When the cells reached 75% to 80% confluence in the
culture flask, they were collected for the subsequent experiment.

Preparation of endothelial cell culture medium (ECM) extract

Control, Mg substrate, Mg-OH, and Mg-(SA/CMCS), groups were established. The alloy sheets were placed into the 24-well plates with 1
piece per well. ECM medium was added to each well at a standard volume of 1 ml/cm? and then incubated at 37°C and 5% CO, for 24 h
to obtain extracts. The control group was only added with culture medium for 24 h.

Proliferation assay

In the 96-well plates, Control, Mg substrate, Mg-OH, and Mg-(SA/CMCS), groups were set up with 100 pl of cell-containing medium added to
each well at a cell density of 2x 10° cells/well and each test was conducted in quadruplicate. After overnight culture, the medium in each group
was replaced with the corresponding extract, and ECM containing 10% CCK-8 reagent was added. After being washed with PBS, the plates
were incubated in an incubator for 3 h. The OD value at the wavelength of 450 nm was measured using a microplate reader.

NO release

HUVECs were seeded in 96-well plates at a density of 2% 10° cells/well and each test was conducted in triplicate. After overnight culture, the
medium in each group was changed to the corresponding extract. The medium supernatant was collected at 1 d, 3 d, and 5 d of culture
following the instructions of the NO assay kit (S0021S, Beyotime, China). The absorbance at the wavelength of 540 nm was measured using
a microplate reader to generate a standard curve and calculate the NO concentration in the supernatant sample.

Cell scratch assay

HUVECs were seeded at a density of 4x10° cells/well in 6-well plates and cultured using normal culture medium. Each test was conducted in
triplicate. When the cell density reached about 95%, a 200 pl tip was used to create a scratch. Each well was washed gently six times with 1 ml of
PBS, and then 2 ml of the corresponding group extract was added to each well. Cell migration was documented by photography using an
inverted microscope (DMi8, Leica, Germany) at 0 h and 6 h of continuous culture and quantified using Image J software.

Transwell

Cell culture inserts (353097, BD Falcon, USA) for 24-well plates were used as the upper chamber, while 24-well plates served as the lower
chamber. In the 24-well plates, 700 pl of the corresponding group extract was added. HUVECs were resuspended in serum-free ECM medium
and added to the upper chamber at a seeding density of 6x 10* cells/well and each test was conducted in triplicate. After 48 h of incubation,
the upper chamber medium was discarded, and the inserts were washed three times with PBS. Migrated cells were fixed with 4% paraformal-
dehyde and stained Crystal Violet-Gentian et Stain Solution. The cells were observed and photographed under an inverted microscope, and
the number of cells was calculated using Image J software.
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Angiogenesis test

Matrigel was mixed with culture medium at a ratio of 2:1 and added to 94-well plates at 50 pl per well. The plates were then incubated at 37°C
for 1 h. HUVECs were resuspended in the corresponding extract and added to the 96-well plates at a density of 3.5%10% cells per well with
50 pl. Each test was conducted in quadruplicate. After incubation at 37°C for 6 h, HUVEC angiogenesis was photographed, recorded, and
analyzed using Image J software.

Immunofluorescence staining

Cell slides were placed in 24-well plates, HUVECs were seeded at a density of 4% 10* cells per well and each test was conducted in triplicate.
After overnight incubation, the old medium was replaced with the corresponding group extract. After 48 h, the cells were fixed with 4% para-
formaldehyde, permeabilized with 0.25% Triton X-100, and added goat serum to block the samples. Subsequently, anti-VE-cadherin antibody
(1:100) and anti-vWF antibody (1:250) were added separately, and the samples were incubated overnight at 4°C. The next day, Alexa Fluor®
488 fluorescent antibody and Alexa Fluor® 647 fluorescent antibody were added and incubated at 37°C for 1 h in the dark. Then the fluores-
cent mounting medium (containing DAPI) was used for nuclear staining and mounting for 30 min in the dark. Confocal laser scanning micro-
scopy (STELLARS, Leica, Germany) was used to observe and photograph the samples.

In vitro culture of HCASMCs

Passages 2-9 of HCASMCs were used and cultured in an incubator at 37°C and 5% CO,. The medium used consisted of 500 m| of SMCM, 25 m|
of FBS, 5 ml of P/S, and 5 ml of SMCGS (1101, Sciencell, USA).

Transwell

HUVECs were added to the 24-well plates at a density of 8x10* cells per well. After overnight incubation, the medium was changed to the
corresponding extract for 48 h. Then, the cells were placed in the upper chamber. HCASMCs resuspended in serum-free SMCM medium were
added to the upper chamber at a density of 6x 10% cells per well. Each test was conducted in triplicate. The remaining steps were as previously
described.

In vitro culture of THP-1

Control, Mg substrate, Mg-OH, and Mg-(SA/CMCS), groups were set up. THP-1 cells were cultured in a cell incubator at 37°C with 5% CO,.
RPMI-1640 complete medium (338360, BNCC, China) was used to culture the cells. THP-1 cells were seeded into 6-well plates at a density of
4%10° cells per well and cultured overnight. Then, the medium was changed to 2 ml of each group extract containing 7 ng/ml PMA for 24 h to
induce adherence to MO macrophages. The old medium was removed, and 2 ml of each group extract containing 0.5 pl/ml IFN and 1 pl/ml
LPS was added to induce M1 macrophages. Similarly, M2 macrophages were induced with 2 ml of each group extract containing 0.2 pl/ml IL-4.
Each group was cultured for 48 h and each test was conducted in triplicate.

ELISA for IL-6/IL-10

The supernatant of MO/M1/M2 macrophages in each well was collected and centrifuged at 1000 g for 20 min. IL-4/IL-10 detection was per-
formed using the IL-6/IL-10 enzyme-linked immunosorbent assay kit (m1028583-C/m1028605-C, mlbio, China).

Detection of inflammation-related genes by gRT-PCR

MO/M1/M2 macrophages were collected from each well. Total RNA was extracted using the FastPure® Cell/Tissue Total RNA Isolation Kit V2
(RC112, Vazyme, China), then reverse transcribed using the HiScript® Ill RT SuperMix for gPCR (R323-01, Vazyme, China). The expression of
Arg-1, ODC-1, TNF-a, Arg-2, and Netrin-1 genes in MO, M1, and M2 macrophages were detected using Taq Pro Universal SYBR Master gPCR
Mix (Q712, Vazyme, China) on an ABI StepOne real-time PCR machine (ThermoFisher Scientific, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using GraphPad Prism 9 statistical software. The measurement data conforming to a normal distribution were
described as (mean £ SD). The comparison between multiple groups was analyzed by Two-way ANOVA. Statistical significance was defined
as P<0.05 and recorded as *, P<0.01 and recorded as **, and P<0.001 and recorded as ***.
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