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Abstract

Magnesium (Mg) is a material that is widely used in industrial applications due its low weight, ductility and good 
mechanical properties. For non-permanent implants Mg, is a good option because it is biodegradable and its deg-
radation products are not harmful for the human body. However, Mg is chemically reactive and hydrogen gas is 
released as part of the degradation. Using plasma electrolytic oxidation (PEO), a surface layer of MgO/Mg(OH)2 is 
deposited on the surface of Mg in a controlled way. This way, the degradation rate of the Mg can be reduced in a tun-
able manner. In this study, samples of commercial pure of Mg (c.p Mg) were modified by the PEO technique. Vascular 
cells were more vulnerable than mesenchymal stromal cell from fat (ASC) for compounds released by surface-coated 
Mg. All cell types supported proliferation of adhered ASC. Released compounds from coated Mg delayed but did not 
block in vitro wound closure of fibroblast. Preformed endothelial tubes were vulnerable for released compounds, 
while their supporting ASC were not. As conclusion, it was founded that. Surface-coated of Mg by PEO therefore 
supports adhesion and future delivery of therapeutic vascular repair cells such as ASC, but the observed vulnerability 
of vascular cells for coated Mg components needs to be re-assessed in vivo.

Key words: Magnesium, PEO, adipose-derived stromal, ASC, differentiation, cytotoxicity
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1. Introduction

Cardiovascular disease (CVD) is one of the prevalent globally public health problems that causes millions of deaths 
per year [1]. The worldwide increased general life expectancy comes at the cost of increased risk of disease or age-
related cardiovascular complications[2][3]. Major CVD risk factors comprise adverse habits such as a sessile lifestyle, 
stress, smoking and high caloric nutrition. Major presentations of CVD, involve blood vessels with arterial lesions 
such as atherosclerosis and aneurysms [4][5]. To regain vascular integrity and architecture, metal stents and coils 
have been used successfully but over time, this may present long term complications such as vascular re-occlusion 
i.e. restenosis[6][7][8][9]. Throughout the history of the development of stents, different formulations have been 
evaluated that range from bare metal implants to drug-eluting stents and bioabsorbable vascular stents (BVAS) [10]
[11][12]. Nevertheless, the self-expanding bare metal stent still is most commonly applied. These consist of nickel 
titanium alloys (Nitinol) or cobalt chromium alloys and are permanent, undegradable implants. Although implant 
failures have decreased with each technological next generation, the number of failures remains high in proportion 
to the affected population. Recently, biodegradable stents showed to be promising alternatives that did not have the 
adverse side effects of permanent metal stents [13]. These biodegradable stents are composed of polymers or ab-
sorbable metals or their combination [14][15][16][17]. As metal, in particular magnesium (Mg) is increasingly stud-
ied. Mg is an essential element for the body because Mg2+ ions are co-factors of several enzymes thus many physi-
ological processes depend on Mg [18][19]. Mg is even more abundant than sodium or potassium in our body. One of 
the advantages to use Mg as material is its high biocompatibility. Despite this, metallic Mg has some limitations to 
be used as implant. In aqueous solution, Mg is highly reactive and this reaction comprises the (fast) alkalization of 
the surrounding area by formation of Mg(OH)2. Additionally, during this oxidation of Mg, hydrogen gas is released. 
This gas may accumulate in tissue and form highly cytotoxic gas pockets that inhibit wound healing and induce ne-
crosis [20][21]. The fast degradation of Mg is, however, manageable e.g. via its use as alloys with other metals which 
improve the corrosion resistance of the materials [22][23][24]. A different approach to increase corrosion resistance is 
to oxidize the surface of Mg and generate a protective oxide-based coating.  This can be achieved with plasma elec-
trolytic oxidation (PEO) which is a low cost, simple and effective technique which employs an electrochemical cell in 
which Mg is used as anode and oxidized in a controlled way [25]. Via the regulation of voltage, current density, time 
and electrolyte solution composition, a protective layer of MgO/Mg(OH)2 is grown from the Mg. This layer is more 
chemically stable and thus decreases the rate of degradation of the underlying Mg[26][27][28][29].
Previous studies on implanted Mg, report that its degradation may cause its structure to collapse, which is unde-
sirable if this occurs prior to the recovery of the tissue[30][31]. The restoration of the arterial wall after stenting 
could likely be accelerated by the local administration of therapeutic cells such as adipose tissue-derived (mesenchy-
mal) stromal cells (ASC). These are pro-angiogenic and may also differentiate to contractile medial smooth muscle 
cells[32][33]. Therefore, loading of ASC onto surface-coated Mg stents might act as a double-edged sword: on the 
one hand, repair of the arterial wall is accelerated after balloon catheterization and stent placement, while on the 
other hand this will compensate for premature collapse to the integrity of Mg-based stents. The aim of our study was 
to develop and evaluate a temporal scaffold based on degradable anodized commercial pure magnesium (c.p Mg) 
loaded with regenerative cells, i.e. ASC, for future use in arteries with atherosclerotic lesions to restore blood flow.
As a first approach, we studied the response of different cell types involved in the blood vessel context after exposure 
to released degradation compounds, i.e. leachables, of uncoated c.p Mg and c.p Mg surface-coated by PEO. Addition-
ally, the influence of Mg was assessed on relevant biological functions where ASC.

2. Materials and methods

2.1 Materials and modifications
Chemically pure magnesium (c.p Mg) was processed into thin sections (10x10x1mm), polished with a series of up 
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to 1000 grade with silicon carbide paper, cleaned with distilled water and sonicated in ethanol for 15 min in an ultra-
sonic bath. Sections were surface-coated by plasma electrolytic oxidation (PEO) subsequently. Briefly, the thin sec-
tions were used as anode in an electrolytic cell connected to a power source were voltage, current density and time 
were adjusted. The electrolyte solution used for the PEO treatment was also used to denote the materials under condi-
tions specified in Table 1. Surface-coated Mg sections (‘materials’) and uncoated c.p Mg controls were stored at room 
temperature until use. Surface-coated materials and controls were used in cell culture experiments and alternatively 
materials were incubated in 1.2 ml culture medium (see below) for 48h and the supernatant (‘material’s leachables’) 
used in cell culture experiments.

Table.1 Coating obtained by plasma electrolytic oxidation on Mg samples

* Sodium metasilicate

** Hexamethylenetetramine

*** Mannitol

2.2  Quantification of Mg2+

Briefly, quantification of the Mg2+ concentration in the leachables from samples and control (culture medium) was 
done with the xylidyl blue-I method which is based on the reaction of Mg2+ ions with xylidyl blue reagent, sodium 
1-azo-2-hydroxy-3-(2, 4-dimethylcarboxanilido)-naphthalene-1’- (2-hyd-roxybenzene-5-sulfonate) (Magnesium 
Gen.2,Roche Diagnostics, Netherlands) that yields a colored complex which is read by photospectrometry 505nm 
and 600nm.

2.3 Cell culture
Experiments were carried out with human skin fibroblasts (PK84), human smooth muscle cells (hSMC), human 
adipose tissue-derived stromal cells (ASC), human monocytic (premyeloid) cell line THP-1 (ATCC) and human um-
bilical vein endothelial cells (HUVEC, Lonza, MD, USA). For their maintenance PK84, hSMC and ASC were cultured 
in DMEM (Lonza Biowhittaker, Verviers, Belgium) supplemented with non-inactivated 10% FBS, 1% penicillin/
streptomycin (Gibco, Invitrogen, Carlsbad, CA) and 2 mM L-glutamine (Lonza, Biowhittaker, Verviers, Belgium). The 
THP-1 were maintained in RPMI-1640 (Biowhittaker, Verviers, Belgium), supplemented with 10% heat-inactivated 
FBS (Thermo Scientific, Hemel Hempstead, UK), 1% penicillin/streptomycin (Gibco, Invitrogen, Carlsbad, CA ) and 2 
mM L-glutamine (Lonza, Biowhittaker, Verviers, Belgium). Finally, , HUVEC were cultured in flasks pre-coated with 
0.1% gelatin, in endothelial culture medium (ECM) consisting of RPMI-1640 (Biowhittaker, Verviers, Belgium), 10% 
heat-inactivated fetal bovine serum (FBS) (Thermo Scientific, Hemel Hempstead, UK), 0.06 mg/ml of home-made 
bovine brain-derived extract (‘endothelial cell growth factor’, ECGF), 0.1 mg/mL heparin (Leo Pharma, Netherlands), 
1% penicillin/streptomycin (Gibco, Invitrogen, Carlsbad, CA), 2 mM L-glutamine (Lonza, Biowhittaker, Verviers, Bel-
gium). Cells were maintained at 37°C, 5% CO2 and 98% humidity.

2.4 Cell viability assay
Toxicity of the materials was determined by measurement of the mitochondrial activity though the MTT assay. For 
this purpose, all cell types 
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were cultured in 96 wells plates at a concentration of 50,000 cells/cm2, until confluence. Next, medium was removed 
and replaced with 100µl of twofold serial dilutions of materials’ leachables.  Cells were incubated at 37°C, 5% CO2 and 
98% humidity for 48 h. Then, 20μl per well of 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) 
(MTT, Sigma-Aldrich, St. Louis, Missouri, USA) at 5mg/mL was added per well. Cells were incubated for 3h. After that, 
medium was removed and 100 μl of dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, Missouri, USA) was added to 
dissolve the deposited crystals. Absorbance was measured at 570nm wavelength in a spectrophotometer (Biorad). 
The conversion of MTT of treated cells was normalized to untreated (control) cells and plotted as fraction (%) of 
mitochondrial activity. Measurements were performed in triplicate and repeated at least three times independently. 
Mean and deviation standard were calculated and plotted using GraphPad-Prism7 (GraphPad, CA, USA).

2.5 Cell-material interaction
Surface-coated materials and controls were seeded with 100µl ASC at 100,000 per cm2 in individual wells of 12 wells 
plates. After 30 min, 1ml of medium was carefully added and cells were incubated at 37°C for 48h. Next, medium was 
removed and samples washed twice with PBS and fixed with 2% paraformaldehyde in PBS for 30 min. Cytoskeleton 
was visualized by staining with Phalloidin-iFluor 647 Reagent – CytoPainter (1:500, Abcam, Cambridge, U.K) and 
counterstaining of nuclei with DAPI (1:5000, Sigma-Aldrich, D9542, St. Louis, Missouri, USA,). Fluoromicrographs 
were taken with a TissueFAXs scanning microscope (TissueGnostics GmbH, Vienna, Austria).

2.6 Western Blot Analysis
Proliferation and apoptosis of cells cultured in contact with materials’ leachables from surface-coated and control 
magnesium sections was investigated with Western blotting. Cells were lysed in RIPA buffer and the protein con-
centration determined. Proteins (20µg/lane) were separated in SDS-PAGE Gradient Gels (4-20%) (BioRad, California, 
USA). Next, proteins were transferred onto a nitrocellulose membrane (BioRad, California, USA). The membrane was 
blocked with 5% non-fat milk for 2 h, followed by overnight incubation at 4°C with primary antibody, respectively 
directed against  PARP (1:500, Santa Cruz, sc-7150, California, USA), caspase 3 (1:100, Cell Signaling, 9665S, Danvers, 
Massachusetts, USA), PCNA (1:2000, Cell signaling, 2586S, Danvers, Massachusetts, USA) or β-actin (1:2000, Cell 
Signaling, 4967L, Danvers, Massachusetts, USA). Following incubation with HRP-conjugated goat anti-mouse IgG 
(Dako, P0447, California, USA) and HRP-conjugated rabbit anti-goat IgG (Cell Signaling Technology, 7054S, Danvers, 
Massachusetts, USA) at room temperature for 2 h, proteins were visualized using alkaline phosphatase method. 

2.7 Wound healing – scratch – assay
For the wound healing assay, the materials’ leachables were used. In addition, conditioned medium (ASC-Cme) was 
collected from cultures of ASC (seeded at 100,000 per cm2) on surface-coated materials and c.p Mg controls after 
48h. Sentinel cells used for the assay were PK84 fibroblasts seeded at 10,000 per cm2 in 24 wells tissue plates and 
used upon reaching confluency. A straight scratch was made across the center of the well with a 200 μl pipette tip 
simulating a wound. Wells were washed with PBS to remove detached cells and fragments. Next, 0.5 ml of materi-
als’ leachables or 0.5 ml of ASC-Cme were added and the cellular responses monitored for 24h. Micrographs were 
taken every 8h with a Leica DMRXA inverted microscope and processed with Leica Software of Leica Microsystems 
(Wetzlar, Germany). The relative wound size at each time point was analyzed using ImageJ 1.48v (Wayne Rasband 
National Institutes of Health, USA), values were normalized to the initial wound size. Experiments were performed in 
triplicate and done three times independently. 

2.8 Cell differentiation of ASC
Adipogenic, osteogenic and myogenic differentiation capacity of confluent monolayers of ASC (passage 3 to 7) was 
initiated with differentiation medium (see below) that was changed twice per week for two weeks. Then, cells 
were fixed and their cell types assessed by staining. For adipogenic differentiation, ASC were treated with 0.1μM of
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dexamethasone (Pharmacy UMCG, Netherlands), 1nM of insulin (Gibco, 41400-045, Waltham, Massachusetts, USA), 
0.05mM 3-isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich I5879, St. Louis, Missouri, USA). Cells were stained 
with oil red solution. For osteoblastic differentiation, ASC were exposed to 0.1μM of dexamethasone (Pharmacy 
UMCG), 10 mM of β-glycerophosphate (Sigma, G9891, Sigma-Aldrich, St. Louis, Missouri, USA), 0.05mM ascorbic 
acid (Sigma, A4544, Sigma-Aldrich, St. Louis, Missouri, USA). Cells were stained with alizarin red. For adipogenic 
and osteogenic staining, cells were assessed with an inverted optical microscope Leica DMRXA microscope and 
Leica software. Finally, for smooth muscle differentiation, ASC were treated with 5 ng/ml of Recombinant Hu-
man TGF-β1 (Peprotech,NJ, USA) and after two weeks cells were fixed and stained with antibodies against SM22☆ 
(1:500, Abcam, ab14106, Cambridge, U.K), phalloidin (1:500, A12379, Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA), and DAPI (1:5000, Sigma-Aldrich, D9542, St. Louis, Missouri, USA). As secondary antibody Alexa 
fluor 647 donkey anti-rabbit IgG H&L (Abcam, ab150075, Cambridge, U.K) Cells were with a TissueFAXs microscope 
(TissueGnostics GmbH, Vienna, Austria).

2.9 Co-culture of ASC and HUVEC
To assess the influence of materials’ leachables from surface-coated materials and c.p Mg, the angiovasculogenic 
capacity of HUVEC on ASC monolayers in wells of a 24 well plate was determined in two manners. Firstly, ASC were 
exposed two materials’ leachables for 24h. Next, the medium was removed and a single cell suspension of HUVEC 
was seeded at 10,000 per cm2. The formation of vascular networks was monitored for seven days. Secondly, HUVEC 
were seeded on top ASC monolayers at 10,000 per cm2 and incubated for seven days to allow vascular networks 
to form. Next, the medium was replaced with materials’ leachables and further incubated for 24h. At the end of 
the experiment, for both types of treatment, cells were washed twice and fixed with 2% paraformaldehyde in PBS 
for 30 min. Cells were permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, Missouri, USA) for 15 min. 
Next, cells were incubated with monoclonal mouse anti-human CD31 (1:100, Dako, Clone JC70A, California, USA), 
for detection of endothelial cells and rabbit polyclonal SM22 (1:100, Abcam, ab14106, Cambridge, U.K) for 2 hours. 
Then cells were washed with PBS and incubated with secondary antibodies Alexa Fluor 488 Donkey anti-Mouse IgG 
(H+L) (1:300, Life technologies, A-21202, California, USA) and Alexa Fluor 647 Donkey anti-Rabbit IgG (H+L) (1:300, 
Life technologies, A31573, California, USA) for 1h. Samples were preserved in PBS and observed using a TissueFAXs 
microscope (TissueGnostics GmbH, Vienna, Austria).

Table2.Primer sequence for RT-qPCR
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2.10 RNA isolation and RT-qPCR 
ASC from three different donors were cultured in 25cm2 flasks until reaching confluence and treated with material’s 
leacheables. After that RNA was extracted with TRIzol reagent (Invitrogen Corp, CA,USA) according to the manufac-
turer’s protocol. RNA was obtained of each sample and 5 ng of cDNA was amplified in 384-well microtiter plate in a 
TaqMAN ABI7900HT cycler (Applied Biosystem, Foster, California, USA) in 5μl of SyberGreen universal PCR Master Mix 
(BioRad, California, USA) and 0.5 μl of 6μM primer mix containing forward and reverse components. Amplimers of 
interest were detected by using the primer set reported in the Table 2. Results of each condition medium is presented 
as fold changes in gene expression with respect their respective experimental controls.

3. Results
Surface-coating reduced release of Mg2+ into culture medium.
On average, surface-coated materials released approximately 3.2mM Mg2+ into culture medium, which itself con-
tained approximately 0.7mM Mg2+ (Table 3). The type of surface-coating did not influence the release of Mg2+ into 
medium. However, the release from c.p Mg controls was almost double i.e. approximately 6.7mM Mg2+ (Table 3).

Table.3. Concentration of Mg2+ released from coated and uncoated samples of Mg   

3.1 Leachables from materials show a cell type-dependent cytotoxicity.
Undiluted leachables from all materials, irrespective of the type of coating, were cytotoxic for both vascular cell types 
that were assessed i.e. endothelial cells (HUVEC) and vascular smooth muscle cells (SMC), albeit to a different extent 
(Fig. 1). Monocytic, macrophage-like cells (THP-1), ASC and fibroblasts (PK84) were virtually refractory to leachables 
at any concentration. Controls, leachables from c.p Mg, were highly cytotoxic to all cell types tested. However, even 
two-fold diluted leachables from surface-coated materials were only minimally cytotoxic because all cell types had 
more than 70% viability (Fig. 1). Only incubation of HUVEC with leachables from MAN-modified material yielded a 
calculable IC50 (50% cytotoxicity dilution) of 13mM Mg2+. In contrast, c.p Mg leachables had IC50 values of 2.27mM 
Mg2+ for HUVEC. For SMC, ASC, THP-1 and PK84, IC50 values were not possible to calculate because the curves de-
scended over one dilution step.

3.2 Surface coating improves ASC adhesion
Twenty-four hours after seeding on resp. NAF, HMT and MAN surface-coated materials, ASC had adhered and formed 
an almost confluent monolayer similar to their adhesion on tissue culture plastic (Fig. 2). A similar adhesion was 
observed for ASC on resp. NAF-HMT and NAF-MAN-coated materials. In contrast, c.p Mg poorly supported adhesion 
of ASC while only few blebbed nuclei were observed, indicative of apoptosis. Interestingly, ASC on NAF-modified 
surfaces were elongated and spindle-shaped and aligned to the topography of the surface which was left behind 
after polishing with sandpaper. On the other surface-coated surfaces, ASC had arranged randomly and had a typi-
cally mesenchymal appearance with two or more protrusions that were suggestive of these migrating on the surface 
(Fig. 2).
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Fig.1 Toxicity of different cell types after its exposition to leachable of Mg. The response of ASC (A), HUVEC 
(B), SMC (C), PK84 (D) and THP-1 (E) to leachable of Mg was similar. After the comparison between all the treatments, 
only a difference is observed with respect to the uncoated samples. HUVEC and SMC shown be more sensitive to Mg 

concentrations than ASC, PK84 and THP-1.

Fig.2 ASC on surface-coated materials and controls. After 24h of adhesion and proliferation on resp. tissue 
culture plastic (CTRL), c.p Mg, NAF, HMT, MAN, NAF-HMT and NAF-MAN-modified surfaces, cytoskeleton was visual-

ized with phalloidin (green) and the nuclei with DAPI (blue). 

Surface coating of materials does not affect proliferation or apoptosis of adhered ASC.
The formation of monolayers on surface-coated Mg, suggested the cells had proliferated and that apoptosis was 
suppressed. Immunoblotting analyses of ASC adhered to surface-coated materials revealed similar expression of 
the proliferation marker PCNA compared to ASC on tissue culture plastic (Fig. 3) irrespective of the type of coating.
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Treatment with puromycin reduced proliferation i.e. PCNA expression. Puromycin induced apoptosis in ASC from all 
three donors. In contrast, apoptosis of ASC adhered on surface-coated materials was comparable to plastic-cultured 
ASC both in terms of caspase-3 cleavage and PARP cleavage. Caspase-3 and PARP were chosen to study for these 
assays because these are cleaved and activated during apoptosis. Cells growing on untreated Mg showed a necrop-
tosis, with a virtually absent cytoplasm which is the reason why it was challenging to collect enough material for 
the experiments. In contrast, ASC grown on surface-coated Mg, had no detectable apoptosis by immunoblotting, 
irrespective of the type of coating (Fig.3). Only in puromycin, which was the positive control for apoptosis, cleavage 
caspase-3 and PARP was detected. 
On the other hand, for PCNA, which was used to assess proliferation, as it was expected, a significant reduction 
was observed in cells treated with puromycin while cells growing on the modified surfaces were comparable to the 
control.

Fig. 3 Proliferation and apoptosis of ASC adhered to coated surfaces is not affected. Immunoblotting with 
antibodies against PCNA (proliferation), caspase-3, which detects cleaved caspase-3 (apoptosis) as well and PARP, 
which detects cleaved PARP (apoptosis) as well was done ASC cultured on surface-coated materials (NAF, HMT, MAN, 
NAF/HMT, NAF/MAN) and tissue culture plastic (untreated cells, positive control for proliferation, negative control for 
apoptosis) while puromycin serves as negative control for proliferation and positive control for apoptosis. In com-
parison to the controls, ASC grown on surface-coated materials had similar levels of proliferation and no apoptosis. 

All data were normalized with respect to β-tubulin.

3.2 Scratch wound healing is affected in a surface-coating-dependent fashion.

Scratch wound healing in vitro of PK84 over a period of 48h was used to assess the influence of materials’ leachables 
and conditioned medium from ASC (ASC-Cme) cultured on surface-coated materials.  Untreated controls reached 
total wound closure between 24 and 48h irrespective of the presence of ASC-Cme (Fig. 4, suppl. Fig. 1). In contrast, 
leachables from c.p Mg abolished wound closure, even in the presence of ASC-Cme, while at 48h cells had started to 
detach (Fig. 4). In the presence of leachables from surface-coated materials, the wound closure followed first order 
kinetics which reached a plateau between 24 and 48h. The maximum levels varied from approximately 20 to 70% of
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the controls in the absence of ASC-Cme, while ASC-Cme tended to reduce the maximum closure to between 10 and 
50% (Fig. 4, representative micrographs in suppl. Fig. 1). The maximum level of wound closure appeared to be an 
experimental limitation, therefore the rates of increase were determined, i.e. the slope of the curves. During the first 
32h, in controls the slope was around 3.12%/h. Cells exposed to the extracts slowed the wound closure in comparison 
to the control. For NAF the slope was 1.71%/h, for HMT 1.62%/h, for MAN 0.64%/h, for NAF-HMT 1.07%/h and for 
NAF-MAN 1.36%/h. After the addition of the medium with the growth factors from the ASC, an improvement in the 
speed to close the wounds for some samples was observed. In instance, slopes of 2.97%/h, 1.92%/h and 1.04%/h 
respectively for control, HTM and NAF-HMT did not show significant changes, the slope for cells treated with NAF 
was of 0.76%/h which decreased around a 75% and a slope of 1,27%/h for MAN and 1.81%/h NAF-MAN showed a 
significant increment of 97.08% and 32.42% respectively.

Fig. 4. Scratch wound closure in PK84 monolayers is affected by coated materials’ leachables and ASC-
Cme.  Progress in the wound healing was observed in all the samples treated with the different extracts from coated 
samples but not for c.p Mg (A). By the addition of ASC, rate of wound closure closing was improved but cells treated 

with c.p Mg remains in the same stage (B). 

3.5 Differentiation capacity of ASC is not affected by surface-coated materials’ leachables.
Leachables from c.p Mg completely abolished the differentiation capacity of ASC to SMC, adipocytes and osteoblasts, 
while in the absence of leachables, differentiation had occurred to these three lineages in the cell type-specific dif-
ferentiation media (Fig. 5). Qualitatively, leachables from resp. NAF, MAN, HMT, NAF-MAN and NAF-HMT surface-
coated materials did not influence differentiation to SMC, adipocytes and osteoblasts compared to controls (Fig. 5). 
Briefly, SMC differentiation generated SM22☆-expressing spindle-shaped cells. Adipocytic differentiation was of low 
efficiency in the ASC donors that were assessed but presented as Oil-Red-O stained intracytoplasmatic vacuoles. 
Similarly, osteogenic differentiation was low under all conditions, including controls, but Alizarin-red deposits were 
clearly distinguishable in all conditions except c.p Mg extracts and undifferentiated controls.

3.4 In vitro ASC-driven angiovasculogenesis is not affected in leachable-pretreated ASC, while pre-
formed vascular networks are compromised by leachables.
Another functional assay was the evaluation of the synergistic interaction between ASC and HUVEC to promote the 
formation of new networks of blood vessels (angiovasculogenesis or vascular network formation, VNF). Through this 
experiment, more than the vitality, the functionality of both cell types was evaluated. In non-exposed controls, ASC 
(Fig. 6, red) promoted VNF by HUVEC (Fig. 6, green). The HUVEC arranged as tubelike structures that were surrounded 
by ASC. The pre-exposure of ASC to leachables did not influence their capacity to support VNF by HUVEC, except for 
c.p Mg leachables that abolished VNF. 
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Fig.5 Differentiation of ASC is not affected by leachables from surface-coated materials.  ASCs treated 
with extracts from coated Mg were able to differentiate in smooth muscle cells (Green: phalloidin, red: SM22α, blue: 
DAPI) , adipocytes (oil red) and osteoblast (alizarin red). Different effect happened in cells treated with c. Mg were 

cells did not survive and as a result of it they did not differentiate.
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Fig.6. Effect of exposure of Mg in ASC on angiovasculogenesis in vitro. ASCs (Red: SM22α , blue: DAPI) pre-
treated with Mg extracts from coated samples were able to form networks after the addition of HUVECS (Green:CD31, 
blue: DAPI). Oppositely, cells treated with c.p Mg suffered a high decrement in cell population and only an isolated 

HUVECs added prost treatment were observed.

The influence of leachables on already established vascular networks by ASC – HUVEC co-cultures was, however, 
vulnerable to exposure to leachables. The morphological integrity of control vascular networks remained intact over 
the entire period of the experiment (Fig. 7). The exposure of pre-established vascular networks to c.p Mg leachables 
completely obliterated their integrity; only cellular debris was visible at the end of the experiment. The exposure of 
pre-established vascular networks to leachables from surface-coated materials compromised the integrity of the 
endothelial tubes (Fig. 7, green) while the ASCs’ integrity (Fig. 7, red) appeared to be unaffected. The HUVEC that 
comprised the tubes had lost intercellular connections and had a rounded appearance suggestive of apoptosis. The 
ASC retained their typical mesenchymal, fibroblast appearance and showed no morphological signs of apoptosis.

Fig.7 Endothelial vascular networks are compromised by leachables from surface-coated materials, 
while ASC are refractory. Leachables from surface-coated materials and c.p Mg were added to pre-established 
vascular networks and the influence assessed by immunofluorescent staining; HUVEC in green (CD31) and ASC in red 
(SM22α). Nuclei in blue were counterstained with DAPI. Leachables from surface-coated materials disrupted the in-
tegrity of the networks by induction of HUVEC, visible as single and rounded cells. Exposure to c.p Mg leachables 
caused massive cell death and thus loss of networks as well as support cells (ASC). Non-treated networks remained 
intact.
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Leachables from surface-coated materials do not negatively affect expression of therapeutic genes in ASC.
Exposure of leachables from surface-coated materials and from c.p Mg only marginally influenced gene expression 
of ASC. Expression pro-inflammatory genes IL1B, TNFA and IL6 was low compared to the reference gene GAPDH, 
while leachables from surface-coated materials had influence. Expression of chemokines genes IL8 and CCL2 was 
higher and while CCL2 expression was constant, IL8 expression was upregulated more than orders of magnitude by 
leachables from HMT, NAF-HMT and NAF-MAN. Of the proangiogenic and proregenerative genes, FGF2, IGF1 and HGF 
were only lowly expressed and not influenced. Of both proangiogenic genes, ANG2 was barely detectable and VEGFA 
was moderately expressed. VEGFA expression tended to increase marginally upon exposure to leachables. Finally, 
the highest expression genes by ASC were the basement membrane gene COL4A1 and the fibronectin gene (FN1) the 
latter was expression tenfold higher than the reference gene. No significant influence of the leachables was detected 
on expression of both extracellular matrix genes.

Fig. 8 Gene expression analyses of ASC from three donors exposed to leachables. Expression of genes is 
expressed as fold-difference (deltaCT) to expression of the reference GAPDH. In general, leachables from resp. NAF, 
HMT, MAN, NAF-HMT and NAF-MAN surface coatings had little influence on pro-inflammatory genes (IL1B, IL6, IL8, 
CCL2 and TNFA), pro-regenerative genes (ANG2, VEGFA, FGF2, HGF and IGF1) while the highly expression extracellular 
matrix genes FN1 and COL4A1 were also unaffected. Only IL8 was highly upregulated after exposure of ASC to HMT, 

NAF-HMT and NAF-MAN leachables.
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4. Discussion

The aim of our study was to develop and evaluate a temporal scaffold based on degradable anodized commercial 
pure magnesium (c.p Mg) loaded with regenerative cells i.e. ASC for future use in stenting of arterial lesions. The 
main findings of our study are that by PEO surface oxidation, the cytotoxic and bio-incompatible c.p Mg is converted 
into a biocompatible material that supports adhesion of therapeutically relevant ASC while it does not negatively af-
fect their gene expression profile. The variation of electrolyte solution additives i.e. sodium fluoride, hexamethylene-
tetramine and mannitol or their combination was of little influence to cytotoxicity or in vitro biological processes. 
While mesenchymal cell types (fibroblasts, ASC) and immune cells (THP-1 monocytes) were refractory to leachables 
from surface-coated materials, vascular cell types (EC and SMC) were more vulnerable to their cytotoxic components. 
This was corroborated by the adverse influence of leachables on pre-established vascular network in vitro in which 
the endothelial tubes disintegrated while the ASC remained viable. This was further confirmed in scratch wound clos-
ing assays in which leachables only reduced, but not abolished, the closure rate of damaged fibroblast monolayers. 
In aqueous solutions, the adverse biocompatibility and high cytotoxicity of (metallic) Mg is caused by oxidation, i.e. 
formation, of Mg(OH)2 (corrosion product) that dissolves and raises the pH beyond physiologically tolerable levels. 
In addition, corrosion of Mg, releases cytotoxic hydrogen gas (H2). We corroborated the cytotoxicity of c.p Mg on 
all evaluated cell types. Therefore, modification of the surface of c.p Mg was warranted to improve its biocompat-
ibility and reduce its cytotoxicity. Indeed, PEO treatment of c.p Mg reduced the release of cytotoxic components yet 
vascular cell types were more vulnerable than mesenchymal cell types such as fibroblasts and ASC while monocytes 
(THP-1) that play an important role in arterial wound healing were refractory too. Leachables from Mg-Zn-Ca alloys 
caused increased proliferation of ASC, while pure Mg leachables were non-cytotoxic to ASC [34] which is at least 
partially confirmed by our results. Differences in extraction, materials and ASC likely explain their resilience to pure 
Mg leachables. The Mg2+ concentration in the leachables in our leachables may have been higher than in the study 
of Yazdi [34]. In general, mesenchymal cell types such as human umbilical cord perivascular cells [35], osteoblasts 
(U2OS) [36] are refractory to Mg2+ and respond in a concentration-dependent fashion.

The degradation of Mg-based biomaterials involves release of particulate fragments that require phagocytic clear-
ance by macrophages. Indeed, phagocytic uptake of corrosion products released from Mg-2.1Nd-0.2Zn-0.5Zr alloys 
[37], pure Mg particles [38] do not negatively affect primary human macrophages. Larger sized particles, however, 
reduce vitality of  J774 macrophages after phagocytosis [39]. Our results confirm that leachables released from sur-
face-coated c.p. Mg did not induce a cytotoxic response in THP-1. Thus, while we did not assess the presence of nano 
and microparticulate fragments in leachables nor the Mg2+ concentration, the surface-coating is suitable to support 
proper functioning of ASC and immune cells. As a matter of fact, surface-coated materials did not induce apoptosis 
i.e. cleavage of pro-caspase 3 nor of PARP, in adhered ASC, while proliferation (PCNA expression) was maintained. 
The type of surface-coated had virtually no influence on the adhered ASC, although minor differences in cellular 
morphology were observed that cannot be explained based on the current data. In contrast, ASC adhered to c.p Mg 
surface died by apoptosis, which emphasizes the protecting influence of either of our evaluated surface-coatings. 
The biological activity of ASC e.g. the capacity to support wound closure or angiovasculogenesis and the secretion of 
beneficial paracrine factors and the absence of pro-inflammatory activation was not affected by surface-coatings[40]
[41][12]. Although, closure of scratch wounds in vitro was maintained, the addition of ASC conditioned medium, un-
expectedly, reduced the rate of wound healing. Likely, leachables had inactivated part of the bioactive molecules 
in the conditioned medium, e.g. by binding and steric hindrance or by competition of Mg2+ for Zn2+ in e.g. matrix 
metalloproteinases which require Zn2+ for enzymatic activity. Moreover, their differentiation capacity to adipocytes, 
osteoblasts and, more relevant to arterial repair, SMC is reported to be unaltered upon exposure to leachables from 
surface-coated materials[42][43]. No data exist in literature on changes of differentiation of ASC to vascular cell types 
under influence of Mg compounds unfortunately. The high expression of extracellular matrix 
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genes COL4A1 and FN1 that we observed, is particularly relevant for fast arterial repair, because these genes en-
code important constituents of the basal membrane. Basal membrane deposition is essential for the re-endothe-
lialization of arterial lesions especially after placing of stents. Nevertheless, the surface-coatings require further 
improvement because released components were cytotoxic to endothelial cells and also compromised pre-es-
tablished vascular networks in vitro. However, our experiments were all performed under static conditions which 
might be harsher compared to intra-arterial conditions after stenting. Then, the high flow rate on the luminal side 
and the interstitial flow between stent in arterial wall, probably quickly dispose of leachables. Currently, ex vivo 
and in vivo experiments are in progress to investigate this presumption.

The combination of biomaterials as scaffolds to successfully deliver ASCs [44][45][46] is generally done in three-
dimensional scaffolds. Arterial repair, however, requires no more than the ‘two-dimensional’ delivery of ASC to the 
plane of the lesion to accelerate and stimulate the local response of repair by co-helper cells like endothelium cells.
Destruction of pre-established networks of ASC and HUVEC showed that endothelial cells are sensitive to high(er) 
Mg2+ concentrations which indicates that once the degradation of the material is occurring, the recovery of the 
tissue may be delayed until the total elimination of the implant. It is important to highlight that all these experi-
ments were carried out under static conditions which differ of the real application in which the implants will be 
constantly exposed to the blood flow where the Mg will be mobilized avoiding its accumulation. Alternatively, 
damage to the endothelial tissue due to the material can be reduced by the addition of a polymeric coating or an 
organic compound between the tissue-material interface to mitigate this effect. However, these experiments must 
be verified under in vivo conditions since, according to several studies, one of the limitations of the evaluation of 
Mg as implant is that the in vitro models are not precise or representative to predict what may happen in vivo[47]
[48][49]. However, the rather ‘harsh’ in vitro settings of our experiments likely exaggerate in vivo conditions. Thus, 
animal experiments to take the material to the next level of development are warranted. 

Conclusions
The aim of this study was to establish a platform of surface-coated Mg loaded with ASC as a treatment of vascular 
lesion after stent placement. Once the implant is placed, the idea is to count with a dynamic system were the 
implant degrade slowly under physiological conditions without side effects inducing at the same time the regen-
eration of the tissue. This work allow us to identify the concentrations at which cell groups related to the cardio-
vascular system can be affected by concentrations of ions of Mg were HUVECs and SMCs showed more sensitivity 
in comparison with ASCs, fibroblasts and macrophages. An important improvement from a biological perspective 
was achieved by the using of coated Mg by PEO technique in comparison with bare c.p Mg. Based on these data it 
was clearly observed that anodized surfaces acts as a protective layer while cell on the untreated samples experi-
enced cell death. Even future experiments in in vivo models are required to validate the information obtained in 
this study, it is considered as a valuable approach to understand the influence of Mg in function and differentiation 
of ASC and to consider the use of them with Mg as a novel therapeutic option in cardiovascular diseases.
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Supplementary material

Fig.1 Scratch wound closure in PK84 monolayer after 24h with material’s leachables.
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Fig.2 Scratch wound closure in PK84 monolayer after 24h with material’s leachables and ASC-Cme
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